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Abstract

:

Complexity is a typical feature of space plasmas that may involve the formation of multiscale coherent magnetic and plasma structures. The winding features (pseudo-polarization) of magnetic field fluctuations at different spatial scales are a useful quantity in this framework for investigating complexity in space plasma. Indeed, a strong link between pseudo-polarization, magnetic/plasma structures, turbulence and dissipation exists. We present some preliminary results on the link between the polarization of the magnetic field fluctuations and the structure of field-aligned currents in the high-latitude ionosphere. This study is based on high-resolution (50 Hz) magnetic field data collected on board the European Space Agency Swarm constellation. The results show the existence of a clear link between the multiscale coarse-grained structure of pseudo-polarization and intensity of the field-aligned currents, supporting the recent findings according to which turbulence may be capable of generating multiscale filamentary current structures in the auroral ionosphere. This feature is also examined theoretically, along with its significance for the rate of energy deposition and heating in the polar regions.
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1. Introduction


Dynamical complexity is a quite common feature of solar, interplanetary, and geospace plasmas. The occurrence of chaos, turbulence, and the emergence of multiscale coherent magnetic and plasma structures, whose evolution controls the dynamics of the entire plasma system is one manifestation of dynamical complexity.



In the framework of geospace plasmas, the high-latitude ionosphere is an excellent laboratory to study dynamical complexity and turbulence in strongly magnetized [1,2] and low beta (  β ≲  10  − 2    ) plasma. This implies a strong anisotropy of the magnetic field turbulent fluctuations that are generally damped along the field direction [3]. In other words, turbulent fluctuations are essentially confined in a plane perpendicular to the magnetic field direction, implying that we are dealing with a two-dimensional (2D) turbulence. Furthermore, the observed magnetic field turbulent fluctuations in the auroral regions are most likely caused by the sporadic fast interactions between localized coherent plasma structures [4,5]. These (see e.g., [6] and references therein) can take the shape of multiscale field-aligned coherent structures (e.g., flux-tubes).



A reasonable approximation to model the turbulent fluctuations in the above scenario is the Reduced Magneto-Hydro-Dynamics (RMHD) (refer to [3]). According to this approximation, the main magnetic field  B  can be described in terms of a constant magnetic field component,   B 0  , and a flux function   ψ ( x , y )  , i.e.,


  B =  e z  × ∇ ψ  ( x , y )  +  B 0   e z  ,  with  ∣  e z  × ∇ ψ  ( x , y )  ∣ <  B 0   



(1)




where   e z   is the unit vector along the   z −  direction. In such a configuration, the current density,  j , is completely determined by the flux function   ψ ( x , y )  , being   j =  1  μ 0    ( 0 , 0 ,  ∂ x 2  ψ +  ∂ y 2  ψ )   .



In a recent work, Consolini et al. [6] investigated the scaling features of magnetic field fluctuations at high-latitude ionospheric regions where field-aligned currents (FACs) flow, and showed that intermittent turbulence [4] is characteristic of the observed fluctuations. Furthermore, they found that the anomalous scaling features of magnetic field fluctuations perpendicular to the main field can suggest an inhomogeneous and filamentary multiscale structure of FACs.



By assuming that the FACs structure consists of a set of multiscale upward/downward current filaments, the magnetic field components perpendicular to the main magnetic field may consist of multiscale circularly polarized wavelike structures. If we consider the magnetic helicity   H m  


   H m  =  ∫ Ω  A · B  d 3  x ,  



(2)




where  Ω  is a volume and  A  is the magnetic vector potential. For a circularly polarized magnetic field in a slab geometry,   H m   can be viewed as a measure of the polarization of the wavelike field [7]. In the case of a circularly polarized wave, which is force-free, the associated current density   j =  1  μ 0   ∇ × B =  k  μ 0   B   (where k is the wavenumber). Thus, a nonvanishing magnetic helicity is connected to currents flowing along helical magnetic field lines [8]. Consistently, a complex topology of the FACs could be related with a non-zero value of magnetic helicity and, for a turbulent plasma medium, with a non-trivial (power-law) magnetic helicity spectrum,    H m   ( k )    [9,10]. Anyway, the estimation of magnetic helicity from single point measurements is not accessible, this quantity being a volume property. Matthaeus and Smith [11] and Smith [9] showed that in the case of in situ single point measurements it is possible to get statistical information by defining a reduced magnetic helicity,    H m r   ( k )   , along the plasma flux direction. Clearly, the generalization of this quantity to different situations such as, for instance, when observations are performed not along the flux direction but in a perpendicular direction, is not trivial. In this case, an alternative way to get a measure of the polarization of a wavelike field is through the use a different approach, such as that discussed in Gedalin and Russel [12]. However, given a fluctuating magnetic field (as, for instance, the case of a turbulent magnetic field) since the corresponding magnetic helicity   H m   is


   H m  =  〈 a · b 〉  ,  



(3)




where  b  is the fluctuating part of the magnetic field and  a  the vector potential (  b = ∇ × a  ), it can be proven that in the Fourier space magnetic helicity is linked to the polarization of the Fourier component   b ( k )  , and, in particular, that a circularly polarized   b ( k )   has a maximal magnetic helicity [10]. In this framework, the study of polarization of magnetic field fluctuations at different wavenumbers can provide information on magnetic helicity.



Here, we investigate the multiscale features of magnetic field fluctuations by using a method based on the analysis of a pseudo-polarization spectrum (see next Section) during a crossing of the polar ionosphere by the ESA’s Swarm constellation, looking for a possible link with the FACs. We also try an indirect evaluation of the reduced magnetic helicity   H m r   in the direction perpendicular to that of the main geomagnetic field using the corresponding polarization helicity parallel to the main geomagnetic direction. The aim is to show the multiscale and filamentary character of FACs and its link with the turbulent nature of the ionospheric plasma. We point out that understanding this relationship is crucial for accurately estimating the rate of energy deposition during Space Weather events. Turbulence may imply the formation of complex multiscale current patterns which influence how energy is deposited in the auroral regions during Space Weather events such as magnetospheric substorms.




2. Theoretical Background


In 1998 Gedalin and Russel [12] proposed a method based on wavelet transform to investigate the local polarization spectrum of a wave field that can be applied in our case to get information on the fine structure of the magnetic field fluctuations in the polar ionosphere.



Let us consider a plane wave   X  ( r , t )  =  a ^   X 0   e  i ( k · r − ω t )     with wave vector  k  and angular frequency  ω , where   a ^   is an unit vector with components in a generic plane perpendicular to the direction   n ^   and   X 0   the wave amplitude. Then, in the case of a magnetic field, i.e.,   X ≡ B  , as a consequence of the Maxwell equations we have,


  ∇ · B = 0  ⟶  i k ·  a ^  = 0 ,    B 0  ≠ 0 ,  



(4)




i.e., the propagation direction is perpendicular to the phase plane.



In the case of an elliptically (circularly) polarized wave, the field vector   a ^   rotates within it. This means that we can write the plane wave  X  as a complex wave   X =  X 1  + i  X 2    (see Figure 1), where


   X 1  =   a ^  1   X 0  cos  ( ω t )  ,      X 2  =   a ^  2   X 0  sin  ( ω t )  .  



(5)







According to this notation, the circular polarization degree   P c   can be written


   P c  = 2    |   X 1  ×  X 2   |     | X |  2   ,  



(6)




where    P c  ∈  [ 0 , 1 ]   . In the case of a non zero circular polarization,    P c  ≠ 0  , (sometimes referred to as helicity) then it is possible to identify the wave propagation direction, which is given by the expression,


   n ^  =    X 1  ×  X 2     |   X 1  ×  X 2   |    ,  



(7)




where    n ^   ‖ k   .



According to Gedalin and Russel [12], the wavelet transform can be applied to Equation (7) so as to obtain a polarization scalogram    p c   ( r , δ )    where  r  is the location and  δ  the scale. In detail, if   B = (  B 1  ,  B 2  ,  B 3  )   is the magnetic field vector and   W  ( r , δ )  =  (  W 1  ,  W 2  ,  W 3  )    is the corresponding wavelet transform, where    W i  ∈ C  , then one can interpret   W ( t , τ )   as a local magnetic field monochromatic wave with    X 1  = R e W   and    X 2  = I m W  . Consequently, the circular polarization can be computed using the following relation


   P c w   ( t , τ )  = 2   | I m W × R e W |    | W |  2   .  



(8)







Analogously, the associated wave propagation direction can be written as


    n ^  w   ( t , τ )  =   I m W × R e W   | I m W × R e W |   .  



(9)







As noted by Gedalin and Russel [12], because the wavelet transform is inherently elliptically polarized, the corresponding degree of linear polarization,   P ℓ w  , can be estimated using the expression    P ℓ w  = 1 −  P c w   . Furthermore, it is also possible to compute the so called ellipticity   ϵ w  , which is defined


   ϵ w   ( t , τ )  = R e     W ‖  − i  W ⊥     W ‖  + i  W ⊥     ,  



(10)




where, in the case of magnetic waves,   W ⊥   is the component of  W  perpendicular to the plane   [  B 0  ,  n ^  ]  , while   W ‖   is the component in the plane   [  B 0  ,  n ^  ]   (see Gedalin and Russel [12]).



In this work, to compute the wavelet transform we use as mother wavelet the complex-valued Morlet wavelet


   ψ τ   ( t )  = N exp  i   2 π t  τ  −  1 2     t  a τ    2   ,  



(11)




where  τ  is the timescale, a is a constant which controls the exponential decay of the wavelet and N is a normalization factor chosen as to be a square integrable Lebesgue L   2  -function, i.e.,


   ∫  − ∞   + ∞    ψ τ *   ( t )   ψ τ   ( t )  d t = 1  ⟶   N 2  τ  π  = 1 .  



(12)







The L   2   normalization ensures a correct estimation of the power spectrum. Furthermore, we choose   a = 1   and   τ =  2  2 + j / 20     with   j ∈ [ 0 , 120 ] ∈ N  .



Although this method was originally designed to study the wave polarization, it can be also successfully applied to the crossing of static structures. Indeed, the satellite crossing of a static structure (i.e., evolving on scales larger than the analyzed ones), such as a flux tube and/or a flux rope, will return as a temporal signal similar to a temporal fluctuation associated with a wave. In this instance, we are not dealing with a real polarization, but rather with information on the winding (helical) features of the magnetic field lines. We remark that similar approaches have been applied to study large-scale flux tubes and flux ropes in the solar wind (e.g., [13]). In what follows, when referring to pseudo-static structures, we will use the term polarization exactly with the above mentioned meaning. In other words, we use the described polarization-based method to draw insights into the complex, multiscale nature of the observed spatial fluctuations.




3. Data Description and Methods


We use in situ magnetic field measurements made on board one of the satellite of the ESA Swarm constellation during a crossing of the Northern polar ionosphere [6].



The ESA-Swarm constellation consists of three satellites (A, B, and C), equipped with the same instrumentation, and flying at two different altitudes: 460 km (satellites A and C) and 520 km (satellite B). In this work, we present a preliminary analysis of the possible link between magnetic field polarization and FACs, thus we considered only one of them, Swarm A. Data used refer to Level 1b high-resolution (50 Hz) magnetic field measurements recorded on 25 October 2016, from 17:50 UT to 18:08 UT, a time interval of high geomagnetic activity level (AE   = [ 1100 ± 140 ]   nT) already used in a previous work by Consolini et al. [6]. Data are provided in the North-East-Center (NEC) reference frame.



For the same time interval we consider also the FAC density data, a Swarm Level 2 (L2-FAC) single spacecraft product computed from the spatial gradients of the magnetic field along the satellite orbit [14] which are available at ftp://swarm-diss.eo.esa.int (accessed on 31 May 2021) (  F A C A T M S _ 2 F   file type). Time resolution of FAC data is 1 s.



In order to study the perturbation field associated with FACs in the direction perpendicular to the main geomagnetic field, as a first step, we removed the contribution coming from the main geomagnetic field of internal origin (core and crust) using CHAOS model by Finaly et al. [15]. Thus, we obtain the observed geomagnetic field of external origin. Moreover, the NEC reference frame is not the best one to study the correlation between the polarization and FACs, so we rotated the external magnetic field measurements in a new local frame with axes parallel and perpendicular to the local main geomagnetic field (i.e., essentially the geomagnetic field of internal origin   B t  ). In this new local reference frame, the perpendicular components to the main geomagnetic field are chosen so to be almost along the North (  b  ⊥ 1   ) and East (  b  ⊥ 2   ) components.



Figure 2 shows the components of the magnetic field of external origin parallel and perpendicular to the local main geomagnetic field direction in comparison with those in the NEC reference frame.



The evaluation of fluctuation polarization features is performed according to Equation (8), using as mother-wavelet the Morlet wavelet (see Equation (11)). We investigate timescales   τ ∈ [ 0.08 ,  5.12 ]   s. This interval of timescales has been chosen so to remove the possible instrumental effects (see, e.g., Ref. [6]). Assuming that Taylor’s hypothesis is valid, i.e.,   k = f /  v s    where f is the inverse of the timescale and   v s   is the spacecraft velocity, i.e.,   ≃ 7.8   km/s, the considered interval of timescales corresponds to explore the following interval of spatial scales:   δ r ∈ ( 0.6 ,  40 )   km. The validity of Taylor’s hypothesis for the investigated timescales has been widely discussed in Consolini et al. [6].




4. Results


As first step we compute the polarization scalogram,    P c w   ( t , τ )   , using the three magnetic field components according to Equation (8). Figure 3 shows the scalogram of the circular polarization    P c w   ( t , τ )    in the plane time-timescale along with the two magnetic field components perpendicular to the local main geomagnetic field direction.



The polarization scalogram    P c w   ( t , τ )    exhibits a very complex structure characterized by blobs of circularly polarized fluctuations    P c w  ≃ 1   and linearly polarized ones    P c w  ≃ 0  . In other words, the structure of the polarization is de-facto a coarse-grained multiscale structure. This means that there is not a persistent polarization of the magnetic field fluctuations in the investigated range of timescales.



To investigate the relationship between the circular polarization of the magnetic field fluctuations and FACs, we evaluate the wavelet energy scalogram,    E n   ( t , τ )  =  W *  W  , relative to the selected magnetic field time series. Figure 4 shows the obtained results along with FAC density,   j  F A C    [14]. A clear correlation between the enhancement of fluctuation energy and   j  F A C    is visible.



On the basis of the correlation between   j  F A C    and the energy scalogram we select two time intervals which allows identifying those regions where the FACs flow:   UT < 17 : 55 : 45   and   UT ∈ [ 18 : 02 : 15 , 18 : 07 : 30 ]  . We compute the average polarization as a function of the spatial scale   δ r =  v s  τ   in the case of both the entire time series and the two selected FACs intervals.



The obtained results are reported in Figure 5 where the average   〈  P c w   ( δ r )  〉   as a function of the spatial scale   δ r =  v s  τ   for both the entire interval and the selected FAC regions is shown. Circular polarization increases with the decrease of the spatial scale and it is characterized by a larger increase in the case of the analysis performed on the entire interval, especially for   δ r < 7   km. It is interesting to observe taht at scales greater than 7 km there is no difference in the circular polarization when looking at the entire interval or just FAC regions. The observed features suggest that the main contribution of FACs’ structure to circular polarization is essentially at scales shorter than 7 km. At scales greater than 7 km the similarity may be due to similar magnetic structures, such as macroscale field-aligned coherent flux tubes.



As a further step, assuming that the observed polarization structure is related to waves propagating along a specific direction, we compute the component of the propagation direction   n ^   (see Equation (9)) parallel the main geomagnetic field, i.e.,    n ‖  =  n ^  ·   B ^  t   .



Figure 6 shows the scalogram relative to   n ‖   in comparison with   j  F A C   .    n ‖  ≃ ± 1  , i.e., the propagation direction is essentially aligned to the main geomagnetic field. Additionally, the sign is not persistent along the different scales, indicating a very complex structure for the propagation direction of fluctuations at different scales. We note that at high latitudes, where FACs do not flow, the short-timescale fluctuations are mainly not parallel to the main geomagnetic field. To better underline the parallel character of the propagation direction of fluctuations, in Figure 7 we show the distribution (PDF) of   n ‖   for a selected number of scales. The distributions are maximal for parallel and anti-parallel directions with respect to the main geomagnetic field. This feature increases with the increase of the spatial scale.



We compute the polarization scalogram in the plane perpendicular to the main geomagnetic field due to the very anisotropic nature of the magnetic field fluctuations, which essentially reside in this plane [6]. This quantity is de facto the helicity component,    ϵ ‖   ( t , τ )   , along the main geomagnetic field (not to be confused with the wavelet ellipticity   ϵ w  ) and it is defined as


   ϵ ‖   ( t , τ )  = 2   I m  W ⊥ 1  R e  W ⊥ 2  − I m  W ⊥ 2  R e  W ⊥ 1     |   W ⊥    |  2    .  



(13)







Figure 8 shows    ϵ ‖   ( t , τ )    in comparison with   j  F A C   . There is not a definite sign of    ϵ ‖   ( t , τ )   , but conversely the structure of    ϵ ‖   ( t , τ )    is strongly coarse-grained showing both positive and negative polarization in the plane perpendicular to the main magnetic field. Furthermore, the observed structure of    ϵ ‖   ( t , τ )    resembles that of    n ‖   ( t , τ )    suggesting that there should be a correlation between the direction of propagation and the helicity. This correlation is evident if we look at Equations (9) and (13), being   ϵ ‖   proportional to the 3rd component of   n ^  , i.e., that parallel to the main geomagnetic field, unless of different normalization factor (the denominator). This suggests that the rotation of the magnetic field vector tip in the plane perpendicular to the main geomagnetic field depends on the parallel component of the direction of propagation. This is an extremely interesting point that will help us in the interpretation of the obtained results.



The last quantity   ϵ ‖   is formally similar to the so-called reduced magnetic helicity  σ m   [13], being


   σ m   (  k 3  , t )  =    k 3   H m r   (  k 3  , t )    ∣  W 1   (  k 3  , t )   ∣ 2  + ∣  W 2   (  k 3  , t )   ∣ 2    = 2   I m [  W 1 *   (  k 3  , t )  ·  W 2   (  k 3  , t )  ]   ∣  W 1   (  k 3  , t )   ∣ 2  + ∣  W 2   (  k 3  , t )   ∣ 2    ,  



(14)




where,   H m r   is the reduced magnetic helicity [8,11],   k 3   is along the plasma flux direction and   [  k 1  ,   k 2  ]   is in the perpendicular plane. The only difference is that, instead of using as main direction the plasma flux one,   k 3  , our computation is performed along the satellite orbit which is mainly on a plane perpendicular to the main geomagnetic field, i.e.,    [  k 1  ,  k 2  ,  k 3  ]  ≃  [  k ⊥ 1  ,  k ⊥ 2  ,  k ⊥ ′  ]    with    k ⊥ ′  ≃  ( τ /  v s  )     v ^  s   .



Following the above-mentioned similitude, we could introduce a quantity similar to    H m r   ( k , t )    by defining


   p ⊥  ( 1 , 2 )    ( t , τ )  = 2   I m [  W 1 *   ( t , τ )  ·  W 2   ( t , τ )  ]   τ  − 1    .  



(15)







This quantity can be considered as a measure of energy associated with the polarization (in brief: reduced polarization energy) at different scales in the direction perpendicular to the local main geomagnetic field.



Figure 9 shows the scalogram of    |   p ⊥  ( 1 , 2 )     ( t , τ )  |    in comparison with   j  F A C   . A large increase of    |   p ⊥  ( 1 , 2 )    |    is observed in correspondence with the intensity of FACs which are thus associated with an increase of the amplitude of the helical fluctuations.



We report in Figure 10 the average spectra of    |   p ⊥  ( 1 , 2 )    |    for the regions where FACs flow and in the polar cap. The spectrum of the reduced polarization energy scales with the spatial scale   δ r   as


   〈 ∣  p ⊥  ( 1 , 2 )   ∣ 〉  ≃ δ  r α  ,  



(16)




with   α = [ 3.4 ± 0.2 ]   in the FACs regions.



The observed scaling reminds that of magnetic helicity    H b   ( k )    observed in the case of homogeneous MHD helical turbulence by Mininni and Pouquet [16], which is observed to scale as    H m   ( k )  ∼  k  − 10 / 3     (see also [17,18]). This confirms that the reduced polarization energy    |   p ⊥  ( 1 , 2 )    |    can provide some insights on the magnetic helicity spectrum. Indeed, according to Stribling et al. [10] in the case of a circularly polarized Fourier component,   b ( k )  , the magnetic helicity    H m   ( k )  =   | b  ( k )  |  2  / k  , so that in terms of power spectral density we have   P S  D  H m    ( k )  ≃ P S  D B  / k  . This means that for a magnetic field characterized by a power law spectral density   ∼  k  − β    , the magnetic helicity spectrum is expected to scale as   ∼  k  − β − 1    . In our case, as shown in Consolini et al. [6], the magnetic field PSD is characterized by a scaling exponent   β ≃ 2  , so that for the magnetic helicity spectral density the spectral exponent should be   ∼ 3  , a value which is quite well in agreement with the observed exponent of the reduced polarization energy in the FAC regions. Furthermore, we observe a break in the FAC reduced polarization energy spectrum at a scale of about   δ  r c  ≃ 1.2   km, which could be a signature of a new physical process occurring at this scales. This break is not present in the case of polar cap spectrum, which is characterized by a single spectral regime   ∼ δ  r α   , with   α ≃ 4  .



To disentangle the contribution of positive and negative polarization, we report in Figure 11 the polarization energy associated with negative-hand and positive-hand polarization (  p ⊥  ( − )    and   p ⊥  ( + )   , respectively). We can see how the structure of the fluctuation field perpendicular to the main geomagnetic field consists of multiscale bundles of fluctuations positively and negatively polarized. There is not an evident asymmetry in the polarization energy distribution between positive and negative polarization in the investigated range of scales   δ r ∈ [ 0.6 , 40 ]   km. This suggests that the structure of FACs may consist of a superposition of upward and downward current filaments characterized by different sizes over a wide range of scales.




5. Discussion


The results of the analyses on the circular polarization of the magnetic fluctuations of external origin described in the previous section, highlight three main outcomes:




	(i)

	
circular polarization exhibits a complex multiscale structure especially in regions where FACs flow;




	(ii)

	
there is a plane where the magnetic field fluctuations are circularly polarized, that is mainly perpendicular to the local main geomagnetic field direction;




	(iii)

	
magnetic fluctuations in the plane perpendicular to the main geomagnetic field consist of multiscale bundles of fluctuations characterized by a positive and negative polarization (helicity   ϵ ‖  ).









Our main results could be interpreted both in terms of a complex current structures consisting of multiscale upward and downward current filaments and in term of a complex multiscale structure of coherent magnetic flux tubes, mainly aligned to the main geomagnetic field and with a different orientation of the magnetic flux (see Ref. [6]), whose dynamics is governed by nonlinear interactions of sporadic and localized coherent structures (see, e.g., [4]). Figure 12 shows a schematic picture of the two possible scenarios involving two different classes of coherent structures: (a) localized currents and (b) coherent magnetic flux tubes.



The auroral ionosphere, particularly the region where particle precipitation occurs, is characterized by turbulence phenomena(see, e.g, [6,19,20,21]), as has been extensively discussed in previous works. Since in the polar ionospheric regions the magnetic field is very strong, quasi-uniform, and unidirectional, the fluctuations along the main geomagnetic field direction are damped [3]. We are in a very low beta plasma configuration, i.e.,   β ≲  10  − 2    . Thus, magnetic field is essentially potential and the physical scenario can be approximated using the so called Reduced Magneto-Hydro-Dynamics (RMHD) [3].



Recent MHD turbulence simulations (see, e.g, [22,23,24,25,26,27]) have revealed the formation of magnetic field structures aligned to the mean magnetic field   B 0   on the border of which strong filamentary currents flow. For instance, in Franci et al. [24] it is clear the formation of a complex pattern of field-aligned filamentary current structures due to turbulence. In a recent work, Papini et al. [27] evidenced how currents in turbulent plasmas become increasingly localized, self-organizing in a filamented network at the eddies’ boundaries.



As shown by Greco et al. [23], the presence of internal boundaries between turbulent eddies in space plasmas can be inferred by mean of PVI (partial variance of increments) method, which is based on the estimation of rapid changes in the magnetic field vector,   P V I  ( s )  =  | Δ B  ( s )  |  /   〈 | Δ B  ( s )   | 2  〉     with   | Δ B ( s ) | = | B ( s + δ s ) − B ( s ) |   and   δ s   is a spatial separation along the satellite trajectory.



Figure 13 shows   P V  I  τ 0     computed at the smallest available timescale    τ 0  = 2 ×  10  − 2     s (  δ r ≃ 160   m) in comparison with   j  F A C    during the selected time interval. There is an excellent agreement between   P V I   and   j  F A C    supporting the idea that the satellite is crossing a turbulent plasma region characterized by a complex filamented network of currents at the boundaries of field-aligned magnetic structures. Large values of   P V  I  τ 0     corresponding to the crossing of FAC regions suggest the existence of relevant magnetic discontinuities localized in the regions where currents flow. We point out that the observed discontinuities can be both tangential/rotational and compressional based on   P V  I  τ 0     definition.



The theoretical emergence of a complex multiscale pattern of polarization, as well as the fractal features of magnetic field fluctuations and FACs [6,28] suggest that the flux function   ψ ( x , y )   can have a complex structure consisting in the superposition of multiscale flux tubes, assuming as valid the modeling in Equation (1). Indeed, according to the relation between current intensity  j  and the flux function   ψ ( x , y )  , i.e.,   j =  1  μ 0    ( 0 , 0 ,  ∂ x 2  ψ +  ∂ y 2  ψ )   , the fractal structure of   j  F A C    implies that also the flux fuction has a complex and multiscale structure. In other words, the flux function is a fractal/multifractal scalar field. This scenario is also supported by a previous analysis on the sign-singularity of FACs [28]. Thus, the sign of   n ‖   reported in Figure 6 is associated with the convexity of the magnetic flux-function  ψ  and, thus, with FAC polarity.



The emerging picture is of a complex multiscale texture of coherent magnetic flux tubes and filamentary currents that are primarily aligned with the main geomagnetic field   B 0  . Turbulence in the FAC regions could be the cause of such a complex texture. This is supported by simulations of MHD turbulence in low- β  plasmas with a strong mean magnetic field in a specific direction. It is important to remark that, in this case, magnetic helicity is not conserved since the plasma is non-ideal. Indeed,


   d  d t    H m  =  d  d t   ∫ A · B  d 3  x = − ∫ E · B  d 3  x ≃ − ∫ σ J · B  d 3  x ≠ 0 ,  



(17)




where  E  is the electric field and    J ‖   B 0   . Here, the last equality follows from the generalized Ohm’s law for a stagnant plasma. The occurrence of dissipation is however expected at the characteristic scales of the current structure. Thus, based on the results plotted in Figure 10 we can speculate that the break observed in the reduced polarization energy is related to the maximal scale associated with the current filaments. In other words, if the scenario of a complex texture of coherent magnetic field structures and filamentary currents is correct the currents should have a size of   ≲ 1.2   km.



Another significant point to mention is the effect that a complex current pattern may have on ionospheric plasma heating and energy deposition. Indeed, if the medium where FACs flow is turbulent, the dissipation pattern is expected to be inhomogeneous, particularly in areas where strong currents flow (see, e.g., [23,29]). Since, generally, the dissipation pattern in turbulence has fractal/multifractal features, the estimation of the energy deposition rate and/or the plasma heating based on large scale could be not reliable. Furthermore, as shown in the case of solar wind plasma dynamics, the occurrence of coarse-grained multiscale reconnection and dissipation processes could enhance heating and plasma acceleration [29,30,31]. Indeed, as shown by Tetreault [30], the inherent stochasticity of electric and magnetic field fluctuations associated with a turbulent plasma cannot allow the formation of well-defined flux tubes so that the conservation of magnetic helicity is valid only in a coarse-grained sense (i.e., volume-averaged sense). In such a case, the correct evaluation of dissipation and plasma heating requires taking the topology of the current pattern into account. This is well in agreement with what we have previously discussed.




6. Summary and Conclusions


In this work, we presented a preliminary study of the polarization features of the magnetic field fluctuations at the high-latitude ionospheric regions where FACs flow. Our results evidenced the occurrence of a multiscale complex structure of polarization which is related to the intensity and direction of FACs.



The emerging scenario seems to be consistent with a complex structure of multiscale field-aligned flux tubes as those expected in the case of MHD turbulence in low- β  plasma with a strong mean magnetic field [24,27]. In this case, currents are expected to be filaments mainly aligned to the mean field direction. The current pattern may be extremely complex and characterized by a fractal topology as it seems to occur in the FAC regions [28]. As a result, the formation of coherent structures and the occurrence of coarse-grained dissipation and heating [30] may imply that a correct evaluation of ionospheric heating must take into account the structure and the dynamics of current pattern. This point is critical for accurately estimating the rate of energy deposition in the high-latitude ionosphere during Space Weather events. Indeed, the emergence of a very complex current pattern as a result of turbulence may imply that a correct estimation of the energy deposited in the auroral ionosphere cannot ignore the small-scale current structure and the occurrence of coarse grained dissipation due to the merging of multiscale magnetic field structures. This specific issue of plasma dissipation and heating in complex fractal pattern will be specifically addressed in a future work in which we will investigate the role of current pattern topology on plasma heating.



Although the above picture is self-consistent and capable of describing the observations, we cannot exclude that other mechanisms, such as, for instance, Alfvén waves and other modes propagating along the mean field direction, could also be relevant to explain some of the previous observations. To disentangle the possible role of waves in generating the observed complex polarization pattern of fluctuations, it is necessary to include other observables (e.g., the electric field and plasma velocity) and to perform other analyses. In this framework, a complementary analysis using ground-based magnetic field measurements from geomagnetic observatories could help to better characterize the FACs dynamics and structure also at lower altitudes. In this case, the use of high-frequency magnetic field measurements (with a temporal resolution higher than 10–50 Hz) would be very useful.



In any case, a better understanding of the observed turbulence processes may benefit from the use of extremely high-resolution measurements, such as those provide by the future NanoMagSat mission [32].
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	Two-dimensional



	AE
	Auroral Electojet index
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	European Space Agency



	FAC
	Field-Aligned Current



	MHD
	Magnetohydrodynamics



	NEC
	North-East-Center



	PDF
	Probabilty Density Function



	PSD
	Power Spectral Density



	PVI
	Partial Variance of Increments



	RMHD
	Reduced Magnetohydrodynamics



	UT
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Figure 1. A schematic picture of the orientation of the vector  X  and the propagation direction in the case of a plane wave. 
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Figure 2. The external magnetic field components in the NEC reference frame and parallel (  b ‖  ) and perpendicular (  b  ⊥ i   ) to the local main geomagnetic field. Data refer to measurements recorded on October 25, 2016 from 17:50 UT to 18:08 UT. 
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Figure 3. Upper panel: Magnetic field components,   b  ⊥  1   and   b  ⊥  2  , perpendicular to the local main magnetic field direction. Lower panel: The scalogram relative to the circular polarization,    P c w   ( t , τ )   , with    τ 0  = 0.02   s. 
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Figure 4. Upper panel: the wavelet energy scalogram    E n   ( t , τ )  =  W *  W  . Lower panel: the FAC density,   j  F A C   . 
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Figure 5. The average   〈  P c w   ( δ r )  〉   as a function of the spatial scale   δ r =  v s  τ  . Red and blue lines refer to the overall interval and to the two selected FAC intervals, respectively. 
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Figure 6. Upper panel: The component   n ‖   of the propagation direction   n ^   parallel to the local main geomagnetic field. Lower panel: the FAC density,   j  F A C   . 
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Figure 7. The probability density function (PDF),   p (  n ‖  )  , for a selected number of spatial scales,   δ r =  v s  τ  . 
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Figure 8. Upper panel: The polarization scalogram,    ϵ ‖   ( t , τ )   , in the plane perpendicular to the local main geomagnetic field. Lower panel: the FAC density,   j  F A C   . 
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Figure 9. Upper panel: The scalogram, of    |   p ⊥  ( 1 , 2 )     ( t , τ )  |   , in the plane perpendicular to the local main geomagnetic field. Unit is   (  nT 2  · s )  . Lower panel: the FAC density,   j  F A C   . 
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Figure 10. The average spectra of    |   p ⊥  ( 1 , 2 )    |    for the regions where FACs flow and in the polar cap. 
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Figure 11. Upper panel: The scalogram, of positive-hand polarization energy,   p ⊥  ( + )   , in the plane perpendicular to the main geomagnetic field. Mid panel: The scalogram, of negative-hand polarization energy,   p ⊥  ( − )   , in the plane perpendicular to the local main geomagnetic field. Lower panel: the FAC density,   j  F A C   . Polarization energy unit is   (  nT 2  · s )  . 
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Figure 12. A schematic picture of the two possible scenarios. Panel (a): a complex current structures consisting of multiscale upward and downward current filaments. Panel (b), a complex multiscale structure of coherent magnetic flux tubes aligned to the main geomagnetic field   B 0  . 
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Figure 13. Comparison between the   P V  I  τ 0     computed at the smallest available timescale    τ 0  = 0.02   s and the FAC intensity for the selected time interval. 
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