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ABSTRACT

We study solar wind magnetic turbulence with Parker Solar Probe during its first perihelion (at 0.17 au), from
MHD to kinetic plasma scales. Using Morlet wavelet decomposition, we detect intermittent coherent structures,
appearing as localized in time energetic events and covering a large range of scales. This implies the presence
of embedded coherent structures from MHD down to sub-ion scales. For example, we observe a current sheet
at MHD scales (~ 200 s) with magnetic fluctuations inherent for a magnetic vortex at ion scales (~ 1 s) and
at sub-ion scales (~ 0.1 s). The amplitude anisotropy of magnetic fluctuations is analyzed within nearly (i)
200 structures at MHD scales, (ii) ~ 2- 10° events at ion scales and (iii) ~ 10* events at sub-ion scales. We
compare it with crossings of model structures, such as Alfvén vortices, current sheets and magnetic holes, along
the trajectories with various impact parameters.

From this comparison, we conclude that at MHD and ion scales the majority of the structures are incom-
pressible and represent mainly dipole Alfvén vortices (>80%), monopole Alfvén vortices (<10%) and current
sheets (<10%). On subion scales coherent structures represent monopole vortices (7%), dipole vortices (49%)
current sheets (5%) and magnetic holes (0.4%). Around 40 % of structures at sub-ion scales don’t fit any of the

considered models. These events might represent compressible vortices.

Keywords: Solar wind — space plasma turbulence — intermittency — coherent structures

1. INTRODUCTION

Solar wind fluctuations cover a broad range of scales: from
macroscopic scales, where the energy is injected into the
MHD turbulent cascade, to micro-scales, where kinetic ef-
fects play important role, and the energy is dissipated. The
dissipation mechanism has not been understood yet. Numer-
ical simulations indicate that dissipation occurs inhomoge-
neously (Wan et al. 2012; Karimabadi et al. 2013; Zhdankin
et al. 2013; Kuzzay et al. 2019). Regions of increased heat-
ing in the solar wind correlate with observations of coher-
ent structures (Osman et al. 2011; Wu et al. 2013; Chas-
apis et al. 2015; Sioulas et al. 2022). Coherent structures
can be defined as high-amplitude, stable, localized in space
events with phase coherence over its spatial extent (Hussain
1986; Fiedler 1988; Veltri 1999; Bruno et al. 2001; Man-
geney 2001; Farge & Schneider 2015; Alexandrova 2020).
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Different types of coherent structures are observed in the
solar wind at different scales. Large scale flux tubes and flux
ropes cover energy containing scales and the inertial range
(e.g. Moldwin et al. 2000; Feng et al. 2008; Borovsky 2008;
Janvier et al. 2014; Zhao et al. 2020). Current sheets are usu-
ally observed at small scales of the inertial range and at ion
scales (e.g. Siscoe et al. 1968; Burlaga 1969; Salem 2000;
Knetter et al. 2004; Tsurutani et al. 2011; Lion et al. 2016;
Perrone et al. 2016; Artemyev et al. 2019). Recent Solar Or-
biter observations reveal embedded ion scale flux rope in a
bifurcated current sheet (Eastwood et al. 2021). Alfvén vor-
tices have been identified at MHD scales and at ion scales
(Verkhoglyadova et al. 2003; Roberts et al. 2016; Lion et al.
2016; Perrone et al. 2016, 2017). Compressible structures,
such as magnetic holes (e.g. Turner et al. 1977; Stevens &
Kasper 2007; Volwerk et al. 2020)), solitons and shocks (Per-
rone et al. 2016; Salem 2000) are observed at the end of the
inertial range and at ion scales.

Coherent structures contribute significantly to the mag-
netic turbulent spectrum in the solar wind. Li et al. (2011)
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show that in the presence of current sheets, the inertial
range spectrum is closer to the Kolmogorov scaling, —5/3,
while without current sheets, the spectrum is closer to the
Iroshnikov-Kraichnan scaling, —3 /2. In a case study of a fast
wind stream by Lion et al. (2016), the contribution of co-
herent structures to magnetic field spectrum is up to 40 %
from inertial range down to ion scales. Therefore, coherent
structures are energetically important elements of solar wind
turbulence.

Much less observations of coherent structures exist at sub-
ion scales. Cluster/STAFF allows to measure sub-ion scale
fluctuations at 1 au. Greco et al. (2016) studied ion scales cur-
rent sheets and showed presence of a number of smaller ones
at sub-ion scales. This has been done using the partial vari-
ance of increments (PVI) method (Greco et al. 2018), which
is appropriate to detect planar structures with important field
rotation (e.g., see the discussion in Lion et al. 2016). An-
other study with Cluster, but applying Morlet wavelets show
embedded Alfvén vortex type fluctuations at sub-ion scales
in a current sheet at ion scales (Jovanovic¢ et al. 2018). An
analytic model of a chain of Alfvén vortices embedded in the
current sheet is developed by authors.

First multi-satellite observation of these cylindrical struc-
tures have been done in the Earth’s magnetosheath with
the Cluster mission (Alexandrova et al. 2006; Alexandrova
2008). Cassini measurements indicate the presence of such
structures in the Kronian magnetosheath as well (Alexan-
drova & Saur 2008). Signatures of Alfvén vortices in the
solar wind using one satellite have been shown by Verkho-
glyadova et al. (2003); Lion et al. (2016). Roberts et al.
(2016) and Perrone et al. (2016, 2017) confirmed the exis-
tence of Alfven vortices in the solar wind with 4 satellites of
Cluster. Wang et al. (2019) investigated the kinetic effects
within an Alfvén vortex thanks to MMS measurements in the
Earth’s magnetosheath.

In the present paper, we study magnetic turbulent fluctua-
tions from MHD inertial range to sub-ion scales with Parker
Solar Probe (PSP) data at 0.17 au. Using the Morlet wavelet
transform, which is a good compromise between time and
frequency resolution, we detect intermittent events which
cover a wide range of scales. We show that these events
correspond to embedded multi scale structures, from MHD
to sub-ion scales. Then, we study in more details nature of
these structures, which cover the whole turbulent cascade.

The article is organized as follows: Section 2 describes the
PSP data used in the analysis. In Section 3 magnetic spectral
properties are discussed. Section 4 is dedicated to the detec-
tion method of coherent structures. Section 5 presents several
theoretical models of the structures we think we cross by PSP
at different scales. Then we study the sensitivity of minimum
variance results for different spacecraft trajectories across the
model structures for different noise levels. In section 6 we
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Figure 1. Overview of the solar wind data during the first perihelion
of PSP at 0.17 au on November 6, 2018, between 00:00 and 05:00
UT. From top to bottom: (a) the magnetic field components in RTN
reference frame and the magnetic field modulus, (b) proton bulk
velocity components, (c) angle between the magnetic field and the
proton bulk velocity, (d) electron density, (e) proton temperature (in
blue) and core electron temperatures (in black), (f) core electron and
proton plasma beta.

describe few examples of detected structures at MHD, ion
and sub-ion scales simultaneously. Section 7 describes sta-
tistical study of the observed coherent events during Sh of
the 1st PSP encounter at MHD, ion and sub-ion scales. In
section 8 we summarize and discuss the results.

2. DATA

We analyze 5 hours time interval during the first perihelion,
on November 6, 2018, [00:00, 05:00] UT, when the space-
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craft measured the solar wind emerging from the small equa-
torial coronal hole at the distance of 0.17 au from the Sun
(Bale et al. 2019; Kasper et al. 2019). The magnetic field dur-
ing the chosen time interval is particularly highly-disturbed
due to the presence of high-amplitude structures (including
switchbacks, Bale et al. 2019; Perrone et al. 2020). The du-
ration of the chosen interval is long enough to resolve the in-
ertial range of MHD turbulence, but not too long, so that the
PSP is magnetically connected to the same coronal hole and
the PSP position is nearly at the same radial distance from
the Sun.

We use the merged magnetic field measurements of
two magnetometers: FIELDS/Fluxgate Magnetometer and
Search Coil (Bowen et al. 2020; Bale et al. 2016). These data
have 3.4 ms time resolution, which allows us to resolve a
wide range of scales, going from MHD inertial range to sub-
ion range. Due to the Search Coil sensitivity issue (March
2019), the full merged vector of the magnetic field is acces-
sible only for the first perihelion Bowen et al. (2020). Fig-
ure 1(a) shows the magnetic field magnitude B(¢) in black
and three components in RTN coordinate frame in color.

To characterize ion plasma parameters we use
SWEAP/SPC Faraday cup instrument (Kasper et al. 2016).
Proton velocity V, estimated from the 1st moment of the dis-
tribution function, is shown at Figure 1(b). The mean proton
velocity is nearly radial (V) = (330,70, 8) [km/s]. The mean
angle with the radial direction is (©y r) = 14°. The magnetic
field vector fluctuates around (B) = (—47,63,-5) [nT] (Fig-
ure 1(a)). It’s magnitude is nearly constant |B| =98 +5 [nT].
The angle between the magnetic field and velocity changes
from 20° to 180° as shown in Figure 1(c), with a domi-
nance around orthogonal crossings of the magnetic field,
(Op,v) = 107° with standard deviation c(Opv) = 26°.

We use RFS/FIELDS quasi-thermal noise (QTN) elec-
tron plasma data to characterize electron plasma parameters
(Moncuquet et al. 2020). Electron density N, is determined
from the electrostatic fluctuations at the electron plasma fre-
quency, and it is shown in Figure 1(d).

Proton temperature 7}, is estimated from the second mo-
ment of the distribution function measured by SWEAP/SPC
instrument. QTN electron core temperature T, ., and proton
temperature 7, are shown in Figure 1(e).

Since the considered scales, estimated using Taylor hy-
pothesis with V = 340 km/s, £ € [3,10°] km are much larger
than the Debye length Ap ~ 2 m, the plasma is quasi-neutral.
During the analysed time period, alpha particle abundance
Aa =N, /N, < 5% is negligible (Kasper et al. 2007; Alterman
& Kasper 2019). The quasi-thermal noise spectroscopy pro-
vides more accurate measurement of the density than particle
detectors, so we use N, =N, and calculate proton plasma beta
0, using the electron density: 8, = N.kT,/ (B2 /2p0), with p
being the magnetic permeability. Plasma beta for core elec-

trons is defined as B, core = NokT, core /(B> /2110). Both plasma
[ parameters are well below unity as shown in Figure 1(f).

3. SPECTRAL PROPERTIES
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Figure 2. From top to bottom: magnetic field total spectrum Sioras
in orange and magnetic field modulus spectrum computed with the
parallel fluctuations spectrum S (Equation (5)) (a), and the ratio
S)|/Siarar (b). The vertical lines show the characteristic ion scales:
ion cyclotron frequency f.; (in blue), and the frequencies com-
puted with the Doppler shifted ion gyroradius f,; (in black) and
the Doppler shifted ion inertial length fy; (in grey). The frequency
ranges are highlighted: MHD in red, ion scales in green and sub-ion
scales in blue.

First we describe the spectral properties of the magnetic
field. We apply wavelet transform with Morlet mother func-
tion (Torrence & Compo 1998):

wo(t):ﬂ_fl/4eftz/zeiwol’ (1)

where wy = 6 is the angular frequency of oscillations in the
mother function (with normalized time). The wavelet trans-
form of the magnetic field component B;(¢) is defined as the
convolution of B;(¢t) with scaled, translated and normalized
1o(t) to have mother function ) with unit energy:

N-1

WIB(,7)=> Bt W' ~1)/7] )

n’=0
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where the sign * indicates complex conjugate.

Wavelet coefficients are influenced by the edge effects.
Cone of influence (COI) curve separates the region of scales
where edge effects become important as the function of time.
To avoid this edge effect we consider a maximum scale equal
t0 Tyax = 10° s. The intercept of 7,,,, with COI curve de-
termines the time sub-interval T/ = [00:22:49, 04:37:11] UT,
where wavelet coefficients at the scales 7 < 7,4, are negligi-
bly influenced by the edge effect.

Figure 2(a), orange line, shows the total magnetic field
power spectral density (PSD) S,,4(7), calculated using the
time-averaging over the subinterval T’ :

2612 )
Storal(T)= =Y Y |WIBi, TP, 3)

T/
teT’ i=R,T,N

where ¢ = 0.008 s is the time-step of the PSP merged mag-
netic field data. The relation between Fourier frequencies f
and time scales 7 is f ~ 1/7 for the Morlet wavelets with
wo = 6. Figure 2(a), blue line, shows the PSD of compres-
sive magnetic fluctuations. Compressive fluctuations are ap-
proximated here by the variation of magnetic field modulus.
Indeed, this approximation is valid if the level of the fluc-
tuations is significantly lower than the mean field By, i.e.,
0B/By < 1 (Perrone et al. 2016):

5(|BI*) = [Bo+3B[* = |Bo|* ~ 26B) By ~ 6(B})  (4)

In the inertial range and at higher frequencies the condition
0B/By < 1 is valid. So we calculate the parallel PSD, SH(’T),
as it was done in Perrone et al. (2016):

2612
> IwilBle P 5)

teT’

S”(T)=

As we can see from Figure 2(a), S;pai(f) ~ f~'° within
the inertial range 102 < f < 1 Hz, in agreement with Chen
et al. (2020). Approaching ion kinetic scales, the spectrum
steepens. The ion transition range, or simply ion scales, is
present where the spectrum changes continuously its slope
(Alexandrova et al. 2013; Kiyani et al. 2015). It is ob-
served here nearly between the ion cyclotron frequency f,; =
eB/2mm; = 1.4 Hz and the frequency of the Doppler-shifted
ion gyroradius f,; =V /2mp; = 11.4 Hz. The frequency of
the Doppler-shifted ion inertial length f;; =V /27d; is in be-
tween these two frequencies. At f > 13 Hz (sub-ion scales),
the spectral index stabilizes at —2.75, in agreement with what
is observed at 0.3 and 1 au between ion and electron scales
(Alexandrova et al. 2009; Chen et al. 2010; Alexandrova et al.
2012, 2021).

Based on the magnetic field spectral properties and charac-
teristic plasma scales (fci, f,i and fz;) we define the follow-
ing frequency ranges A f;, shown as transparent color bands

in Figure 2:
(102,1)Hz MHD inertial range (in red)

Afj=1(1,13) Hz
(13,128) Hz  sub-ion range (in blue)

ion scales (in green) (6)

The corresponding timescale ranges 7; will be used later
in this article, and the index j here and further in the article
refers to one the following ranges:

Tmup = (100,1) s
Tj+\ Tion = (1,008) S (7)
Tsubion = (0.08,0.008) s

The ratio of compressible fluctuations to the total power
spectral density S, /Stotar 1s shown in Figure 2(b). In the iner-
tial range, parallel magnetic fluctuations are much less ener-
getic than perpendicular ones (6B)| < 0B ), as is usually ob-
served in the solar wind. At the sub-ion scales, the fraction
of the parallel SH(T)/Smm](T) increases, which is consistent
with the results of Salem et al. (2012) at 1 au. The authors
suggested that the observed spectral ratio can be explained by
the presence of the kinetic Alfvén wave (KAW) cascade with
nearly perpendicular wavevectors (k1 > k). However, ana-
lyzing Cluster measurements (Lacombe et al. 2017) and 2D
hybrid numerical simulation (Matteini et al. 2020) found that
asymptotic compressibility value at sub-ion scales doesn’t
match perfectly the KAW prediction. Finally, recent numer-
ical simulations indicate that coherent structures, rather than
waves, are energetically dominant on sub-ion scales (Papini
et al. 2021).

4. DETECTION OF COHERENT STRUCTURES FROM
MHD TO SUB-ION SCALES

In this section we describe the methodology to detect the
structures from MHD down to sub-ion scales.

4.1. Local intermittency measure

We use the Local Intermittency Measure (LIM) L(z,7)
(Farge 1992) based on Morlet wavelets in order to detect the
structures. The value L(¢,7) shows the total energy of fluc-
tuations at a given moment in time ¢ at a given time scale T,
relative to the average energy at that scale:

S errn IWIBIE, TP
<Zi:R,T.N [W[B1(t,7)|*)icr

where T' is the analyzed time interval.

In Figure 3 we show a 30 minutes zoom within 7’.
Panel (a) gives RTN components of the measured B. Panel
(b) shows the observed L(z,7). The vertical elongations
of enhanced L(¢,7) values are due to coupled (or coherent)

Lt,7)=

®)
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Figure 3. A 30 minutes zoom, [03 : 10,03 : 40] UT, within the an-
alyzed time interval of 5 hours on November 6, 2018. From top
to bottom: (a) magnetic field in RTN reference frame, (b) LIM
of the magnetic fluctuations of the total energy L(¢,7) Equa-
tion (8), (c) artificial magnetic field B,,,¢ with random phases and
the same Fourier amplitudes as original magnetic field measure-
ments, (d) LIM of the artificial signal L,uuq(t,7), (€) the compar-
ison of the integrated LIMs I(r) = (L(t, 7)), ¢102.10% s (blue), and
the Lana(t) = (Lrana(t, 7)) - 102,108 s (black). The horizontal red line
ShOwWs Lireshota = max(Lrqnq(t)) as defined in Figure 4.

phases of the fluctuations (Lion et al. 2016; Perrone et al.
2016; Alexandrova 2020). Indeed, to see this point better, we
construct an artificial signal that has the same Fourier spec-
trum as the original magnetic field measurements, but with
random phases (Hada et al. 2003; Koga & Hada 2003). This
synthetic signal B,,,; is shown in Figure 3(c), while the cor-
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I'=(L(t, 7))«

Figure 4. Histograms of the integrated LIM I(¢) and the ran-
dom phased integrated LIM l4.4(t). The threshold ILireshora =
max(Zanq(t)) is shown by the red vertical line.

responding LIM L,,,4(¢,7) is shown in the panel (d). The
energy distribution of the synthetic signal is incoherent (ran-
domly distributed in the (¢, 7)—plane), i.e., peaks of L,,q(f,7)
at different 7 are not observed at the same time. Therefore,
the vertical elongations in the observed L(f,7) correspond
to magnetic fluctuations with coupled phases across scales
where the elongation is observed. The high energy of these
events with respect to the mean is a sign of intense coherent
structures formed in the turbulent medium (e.g. Farge 1992;
Bruno 2019). So, we observe coherent structures which ex-
tend from inertial to sub-ion timescales. Using the Taylor
hypothesis, the timescale range 7 € 7,;; = [1072,10] s can be
converted into the spatial range £ =V -7 € [3,3-10°] km.
The difference between random-phased signal and origi-
nal magnetic field data suggests a methodology for detecting
the central times of coherent structures. Specifically, we in-
tegrate LIM over the timescale range 7,; = [1072,10°] s:

I(t) = L(t,7)dTt ©))

TETall

Figure 3(e) shows I(¢) (blue line), random phased inte-
grated LIM 1,,,4(¢) (black line) and the threshold [ eshora =
max(/,4,4(t)) (red horizontal line). The local maxima of
1(t) > Lnreshoia give the central times of the coherent struc-
tures present in the original signal. We refer below this
method as the integrated LIM selection.

The comparison of original /(r) and random phased 7,.4,,4(¢)
distributions is shown on Figure 4. The I, distribution (in
black) is close to Gaussian with a mean of 1 (because of the
normalization and random phases). On the contrary, I(¢) (in
blue-azure) has a long tail of extreme values due to the pres-
ence of coherent structures integrated over all time scales.
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The integrated LIM selection does not have a predeter-
mined scale at which the structure is searched for but it
is preferentially focused on scales where the vertical en-
hancements in the LIM L(#,7) are observed. Applying it
on T’ =[00:22:49,04:37:11] on 6 November 2018, we find
N = 9485 structures. If we define the filling factor of the
structures as the normalized total time duration where the in-
tegrated LIM is over the threshold:

P =Time(I(t) > Lpeshota)/ T’

we find that the structures cover 14% of the analyzed time
interval T'.

In this paper, we will also use the integrated LIM over the
reduced time-scale ranges, to understand in more details the
nature of the structures at MHD, ion and subion scales, where
physics is different. So, we can define integrated LIM I; =
(UmuDp; Lion, Lsubion) Over the corresponding range of timescales
Tj = (TMHD ) Tion Tsubion)> defined in Equation (6):

Ii(t)= L(t,7)dt (10)

TET;)

Similarly, integrating L,4,q(t,7) over 7; we define random
phased integrated LIM I,,,4 ;(¢). Thus, we can find the central
times of the structures within these scale-bands as the times
of the local maxima for I;(t) > Lnreshota,j = MaxX(Lrang, j(1)).

This band-integrated LIM selection allows us to see how
the number of the structures N and filling factor P changes
with scale band. We find a relatively small number of
MHD scale structures (Nyyp =196) with high filling factor
(P =12%), compared to P =7% and P =6% for much more
numerous ion scale structures (N;,, = 2028) and sub-ion scale
structures (Nyp—ion = 11167). We remark, that our estimations
of P are conservative, as far as only time where LIM is over
the threshold is counted, but the structure’s field decreasing
from its center exist outside of the time where the energy of
the structure is concentrated. So, the filling factor can be
more than twice larger than given here. Finally, numerous
small scale events populate larger ones and may exist outside
them as well.

4.2. Magnetic field at different scales

Thanks to Morlet wavelets and LIM we know now the
central times of the structures covering all scales and the
ones within different scale bands. In order to study mag-
netic field fluctuations 6B in the physical space around these
central times, within different scale bands, we use band-pass
filter for fluctuations on frequency ranges given by Equa-
tion (6) and shown by color bands in Figure 2. We com-
plete this analysis by studying the large scale fluctuations of
Bjowpass —Bo where the mean field By is defined as the av-
erage field over the time interval 7’. We use finite impulse
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Figure 5. Histograms of magnetic field fluctuations (solid) com-
pared to the signal with random phases (RP, dashed). The first
panel from the top shows the centered lowpass-filtered fluctuations
of the magnetic field. Panels (b-d) show bandpass-filtered fluctua-
tions on MHD inertial, ion kinetic, and sub-ion scales, respectively.
The horizontal axis is normalized to the standard deviation of the
random-phased signal. The area within two standard deviations of
the random-phased signal is highlighted in gray.

response (FIR) Humming low-pass filter with a cut-off fre-
quency of 1072 Hz to calculate the large scale magnetic field
fluctuations of 6B = Bjyy,pass — Bo.

Figure 5 shows distributions of the filtered magnetic
field (solid lines) compared to the filtered signal with ran-
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OR ar ON O noise

SR ST SN (Isly  kr KT kn o {K)

Low-pass 37 31 35 -
MHD 9 8.6 11 7.8

Ion scales 1.5 1.6 2.2 1.55
0.12 0.12 0.15 0.11

Sub-ion

1.1 -1.1 05 09 38 38 31 36

02 -05 001 02 77 87 65 176
01 -02 -001 01 163 140 10.8 13
0.01 -0.01 -0.04 0.02 11.6 193 244 18

Table 1. Main parameters of the distributions shown in Figure 4 for the magnetic field components in RTN coordinates. From left to right:
standard deviation ogry [nT], average standard deviation o, [NT] (in absence of coherent structures), skewness sgry, average absolute

skewness (|s|), kurtosis rrry, and the average kurtosis (x).

dom phases (dashed lines). Panel (a) shows the lowpass-
filtered fluctuations of the magnetic field. Panels (b-d) show
bandpass-filtered fluctuations on MHD, ion, and sub-ion
scales, respectively. At each band of scales we characterise
the amplitude of incoherent fluctuations as follows:

O noise,j = Std((sBj(t € Tho struct)) (11)

where Ty siruct = Time(lj(t) < Lipreshora,j)- The gray area in
panels (b-d) is bounded by dB,4ng,j/ Tnoise,j = E£2.

The random phase signal fluctuations have Gaussian distri-
butions at all scales (Figure 5). The observed 0B show scale-
dependent deviation from Gaussianity. Table 1 gives the mo-
ments of the observed distributions for 3 components and at 4
different scale ranges. The distributions have non-zero skew-
ness s (a normalized measure of a distribution asymmetry).
The fourth normalized moment, kurtosis x, increases from
3-4 at large scales, up to 12-24 at sub-ion scales. In compar-
ison, Gaussian noise has s =0 and x = 3.

Distributions of lowpass magnetic field components are
asymmetric with respect to zero, especially radial and tan-
gential (see Figure 5(a)). The skewness of those components
has high absolute value and opposite signs: sg = 1.1 and
st =—1.1. The lowpass magnetic field distributions doesn’t
have pronounced non-gaussian tails, so the kurtosis « are
slightly above 3, so close to the gaussian noise value (see
Table 1)).

In the inertial and smaller scale ranges, the distributions
have weaker asymmetry ((|s|) = (|sg|+|s7|+|sn|)/3 < 0.2).
Non-gaussian tails are identified at MHD scales (Figure 5(b))
and become even more pronounced at ion and sub-ion scales
(Figure 5(c-d)). The kurtosis x7 and xy monotonically in-
crease from MHD to subion scales (see Table 1). The kur-
tosis of the radial magnetic field kg component is growing
from MHD to ion scales and then decrease at subion scales.
This behavior of kg can be explained by the proximity of the
SCM noise, which starts to influence dBg supion. the weakest
of the 3 components of magnetic fluctuations at these scales,
see Figure 5(d).

5. MODEL STRUCTURES

We consider here several theoretical models of the struc-
tures we think we cross by PSP at different scales. This will
give us a background for the interpretation of the observed

events detected with the method described above. The mod-
els we describe here have been developed in the MHD frame-
work. We will use them at kinetic scales as well from the
topological point of view only. The trajectory of a spacecraft
across a structure matters for the polarization and the ampli-
tude anisotropy. That is why we will explore the polariza-
tion and the Minimum Variance Analysis (MVA, Sonnerup
& Scheible 1998) results as a function of the spacecraft tra-
jectory across the model structures.

5.1. Alfvén vortices

Alfvén vortices are cylindrically symmetric coherent struc-
tures that were introduced by Petviashvili & Pokhotelov
(1992). The model is based on the reduced MHD equa-
tions (Kadomtsev & Pogutse 1974; Strauss 1976), where
the principal assumptions are the perpendicular anisotropy in
the wave-vector space, k; >> k”, and slow time variations.
Two main types of vortices are distinguished: monopolar and
dipolar.

5.1.1. Monopole Alfvén vortex

Let the axis z be along the background magnetic field
By. The transverse magnetic field B, = VA, x z and ve-
locity 0V =z x V1 perturbations are expressed with the
axial component of the vector potential A, and the velocity
flux function ¥. The model assumes linear proportionality
1 = EA,, or equivalently 6V /V4 = (6B, /By (generalised
Alfvén relation).

A monopole Alfvén vortex is localized within the cylin-
der of the radius a, and the cylinder is aligned with By. The
model assumes that the total current inside r < a is zero. If
6B is continuous at r = a, it implies the condition J; (ka) =0,
where J; is the first order Bessel function. This defines
the parameter k for a given radius a. The monopole vor-
tex solution writes (in dimentionless units, see Petviashvili
& Pokhotelov (1992)):

Az = Ao (Jo(kr) = Jo(ka)),
A, =0,

r<a (12)

r>a

where A is the monopole vortex amplitude and Jj is the zero
order Bessel function.

A monopole Alfvén vortex in the plane perpendicular to
its axis is shown on the top left panel of the Figure 6. The
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Figure 6. Simulation of the spacecraft crossing (a) a monopole Alfvén vortex, (b) a dipole vortex, (c) a rotational and (d) a tangential discon-
tinuities, and (e) a magnetic hole. The first row shows the magnetic field vector in the plane perpendicular to the background magnetic field.
The sector, shown in blue, is a set of trajectories crossing the structure at different angles in order to collect statistics of MVA eigenvalues. The
panels in the second line show the magnetic field in the MVA frame of reference, which would be measured by the spacecraft when it crosses
the structure along the black trajectory. Panels in the third line show the hodograph - indicating polarisation for off-center (blue) and central
(black) trajectories. The bottom row shows the eigenvalue ratios for the set of trajectories shown within the blue cone in the first row in the
presence of noise, with e = 0.001 (circles) and € = 0.1 (crosses). The trajectory angle ¢, defined in the top left panel, is coded with colors (see
the color scale at the right bottom). Each dashed line shows the boundary of the regions on the eigenvalue ratios plane that is consistent with
crossing the given model of structures in the presence of the noise level € € (0,0.1).

amplitude of the structure, 6B, /By =0.5, is taken to be com-
parable to the observations (see Figure 9(b)).

Spacecraft measurements depend on the trajectory along
which the vortex is crossed. The set of trajectories, selected
to cross the vortex, is shown by the blue transparent cone
on the top left panel of Figure 6. The set is parametrised
by the angle ¢. Two trajectories, central (¢ = 0°) and off-
center (¢ = 10°), are shown in black and blue lines corre-
spondingly. The second panel from the top shows the three
magnetic field components of the monopolar vortex crossed
by a spacecraft along the black trajectory in the top panel.
The third panel shows the dependencies B,(B,) and B.(B,)
for both central and off-center trajectories (black and blue
lines respectively). The off-center trajectory has *clover’-like
polarisation in B,(By) (blue curve). In case of the crossing
through the center, the polarisation is linear (black line).

Figure 6 (column (a), bottom row) shows the MVA eigen-
value ratio A3/, as a function of \,/\; for 50 different tra-
jectories (see the blue cone in the top panel). The eigen-
values are ordered as \; > A\, > A3, with the eigen-vector e3
beeing the minimum variance direction. The color between
violet and yellow indicates the angle ¢ of the trajectories:
¢ = 0° corresponds to the crossing through the center and
¢ =125°, to the side-crossing. In this plot we test the effect of
an added noise with a relative amplitude e defined by

€= 6Bnoise/5BJ_ (13)

where 0B, 18 the noise amplitude and 4B is the amplitude
of the vortex. The eigenvalue ratios A\, /A and A3/, are de-
pendent on e. Two levels of noise are shown: €; =0.001 with
filled circles, and e; = 0.1 with crosses. In case of negligible
noise, the points are located along the x-axis. For larger e,
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the eigenvalues become more comparable (they are identical
for a noise dominated case), then the points move toward the
upper right corner on the plane (A;/A1,A3/\2). The € esti-
mation from observations is discussed further in Section 7.

For the majority of trajectories, except central (¢ < 3°) and
extreme-off-center/tangential ones (¢ > 22°), the minimum
variance direction e3 is well-defined (A3/\; ~ 0) and it is
parallel to the axis of the vortex. Indeed, the vortex model
describes 0B and assumes 6B, = 0. So, in observations, e;3
(when it is well-defined) is a good approximation for the vor-
tex axis. As far as the vortex cylinder is field-aligned, the
angle between e3; and By must be small, 0,3 ~ 0°.

In case of the central crossing (¢ < 3°), only e; is well-
defined, because \y/A; ~ 0, A3/A; ~ 1. In this case the
eigenvector of maximal variance e; is perpendicular to the
crossing trajectory e; L V and to the background magnetic
field e; L By. Therefore, 0y ~ 90° and 05 ~ 90° are ex-
pected in observations.

In addition, for the vortex to be observable, the spacecraft
must cross it along a trajectory inclined at a sufficient angle
relative to the vortex axis, so 0y #0° and Oy 3 #0° (if e3 is
well-defined).

5.1.2. Dipole Alfvén vortex

As in case of the monopole vortex, the dipole vortex is a
coherent structure localised inside the cylinder of the radius
a and the generalised Alfvén relation §V | /Vy =£6B /By is
assumed.

The particular property of the dipole Alfvén vortex model
is that it’s axis can be inclined by a small angle 6 with re-
spect to the background magnetic field B, = By. We define
« = tan(f). Without restriction of generality, let the axis of
the vortex be in the (y,z)-plane. If 6 0, the dipole vortex
propagate along y at the speed u o «. The continuity of 6B
at r = a requires that the amplitude of the dipole vortex is not
arbitrary, but defined by « and k. In the reference frame mov-
ing with the vortex, the dimentionless vector potential of the
dipole vortex is (Petviashvili & Pokhotelov 1992; Alexan-
drova 2008):

_ 2« X
A, = To(kzzz) Jitkr)T+ax, r<a (14)
A= ax’, r>a

Figure 6 column (b) shows the magnetic field of the dipole
vortex in the (x,y)-plane and trajectories of synthetic space-
craft across it, in the same format as for the monopole vortex
(column (a)). The magnetic field components are symmet-
ric in time around the vortex axis (while for the monopole
vortex they are anti-symmetric). The magnetic polarisation
(third panel from the top) is different for the crossing at the
vortex center (black trajectory) and the side crossing (blue
trajectory).

Figure 6(column (b), bottom panel) gives the minimal vari-
ance eigenvalues ratios for two noise levels. In case of the
low noise, e =0.001, A3/, ~ 0and A\, /A, € [0.1,0.6] (filled
circles). For € = 0.1, as for the monopole vortex, both ra-
tios increase: the points in the (A3/A2, A2/A)—plane move
towards the upper right corner.

The magnetic fluctuations of the dipole vortex are trans-
verse, so the minimum variance direction e; (when it is well-
defined) is along the axis of the vortex z. The angle between
e;3 and By is expected to be small fp, 3 ~ 0° according to the
assumption of the model. Maximum and intermediate MVA
eigenvectors ey, e; lie in the plane perpendicular to By.

5.2. Current sheets

Current sheets are planar coherent structures that separate
the plasma with different magnetic field directions. Cur-
rent sheets with large rotation angles across the sheet rep-
resent the boundaries of magnetic tubes, according to Bruno
et al. (2001); Borovsky (2008). The population of current
sheets with smaller rotation angles is much more numerous
(Borovsky 2008). They might be formed spontaneously as a
result of the turbulent cascade, (e.g., Veltri 1999; Mangeney
2001; Servidio et al. 2008; Salem et al. 2009; Zhdankin et al.
2012; Greco et al. 2008, 2009, 2012).

MHD classification of current sheets include rotational
(RDs) and tangential (TDs) discontinuities (e.g., Baumjo-
hann & Treumann 1997; Tsurutani et al. 2011). A typi-
cal method to distinguish RD from TD is based on the nor-
malised change in magnetic field magnitude AB/B across the
discontinuity (which is zero for RD) and the normal magnetic
field component B, /B (which is zero for TD). However, ob-
servations showed that current sheets can combine both prop-
erties of RTs and TDs (e.g., Neugebauer 2006; Artemyev
et al. 2019).

5.2.1. Rotational discontinuity

RDs are characterised by the correlated rotation of mag-
netic field and velocity (Walen relation in case of the pressure
isotropy: 6B/By = £V /V}), constant magnetic and plasma
pressures across the sheet (AB/B = AP/P =0). Plasma on
the both sides of a RD is magnetically connected, i.e. B, #0.

Let the normal to the current sheet n be along e,, B, and
B, denote normal and tangential magnetic field components.
The condition V - B =0 implies B, = B,, = constant. We use
the same rotational discontinuity model as in Goodrich &
Cargill (1991), where the magnetic field rotates smoothly
by an angle ((x/¢) = A{/2tanh(x/¢) with a total angle A¢
across the RD with thickness ¢:

B.(x) = B,
B, (x) = B, cos(C(x/0)) (15)
B.(x) = B;sin(((x/£))
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We select A¢ = 120° as in the example that we discuss in
Section 6.3. According to the statistical study of the current
sheets from the first PSP perihelion, thin current sheets have
smaller magnetic field rotation angles A ~ 21° x (¢/d;)*3?,
where ¢ is the CS thickness and d; is the proton inertial
length (Lotekar et al. 2022). For rotational discontinuities
with smaller A( the polarization becomes closer to linear,
i.e., closer to case of tangential discontinuity model discussed
in the Section 5.2.2. In terms of eigenvalues, A3/, increases
while A( decreases. The selection of A =120° corresponds
to strong RDs. The other ones cannot be distinguished from
TDs with the polarisation and MVA eigenvalue ratios.

We show crossings of this RD model by a synthetic space-
craft in Figure 6 column (c). Rotational discontinuity has
an arch-like hodograph (Figure 6, column (c), third row).
Discontinuities with arch-shaped hodograph have been pre-
viously observed in the solar wind (Neugebauer 1989; Ri-
ley et al. 1996; Tsurutani et al. 1996; Sonnerup et al. 2010;
Haaland et al. 2012; Paschmann et al. 2013). In the bottom
panel, both ratios Ay /A1 ~ A3/ A, =~ 0 when the noise level is
low (see dots). For higher noise, A\3/)\; increases more than
A2/ A1 (see crosses).

If the noise level is small enough, so that the MVA eigen-
vectors (ej,e;,e3) are well-defined, they coincide with the
basis vectors (z,y,X) of the reference frame of the sheet (for
any crossing trajectory).

5.2.2. Tangential discontinuity

TDs separate two magnetically disconnected regions of
plasma, so normal magnetic field component B, = B, =0. We
use the Harris-like current sheet model, with a constant guide
field B, = By (Harris (1962)):

B, =0
B, = B, tanh(x/() (16)
B, =By

In presence of the strong guide field By > B, the current
density is quasi-parallel to magnetic field. So, the current
sheet is quasi-force-free in accordance with what was found
in observations (Artemyev et al. 2019).

Crossing of tangential discontinuity is shown in Figure 6 in
column (d). The polarisation is linear, Ay /\; ~ 0, A3/ A; ~ 1.
Only the maximum MVA eigenvector is unambiguously de-
fined: e; =y. The e, and e; are in x—z plane, but e is not
obligatory directed along the normal to the sheet x. The de-
gree of compressibility 0B /B; # 0 where 0B is the variation
along By.

5.3. Magnetic holes

Magnetic hole represents a localized magnetic field mod-
ulus decrease. MHD-scale magnetic holes (with crossection

widths ranging from ~ 10 p,, to ~ 10°p,,, where p, is the pro-
ton Larmor radius), are quite rare events: at 1 AU the occur-
rence rate of 0.6 per day was observed by Stevens & Kasper
(2007). Closer to the Sun the occurrence rate was found to be
higher: from 2.4 per day at 0.7 AU to 3.4 per day at 0.3 AU
(Volwerk et al. 2020).

MMS solar wind observations (Wang et al. 2020) and ki-
netic simulations (Roytershteyn et al. 2015; Haynes et al.
2015) have found magnetic holes at sub-ion scales. PIC sim-
ulations show that magnetic holes (defined as regions of mag-
netic field depression) tend to have cylindrical field-aligned
geometry (Roytershteyn et al. 2015; Haynes et al. 2015).

We consider the magnetic hole model where the magnetic
field direction does not change across the structure (linear
magnetic hole). We suppose that the hole has cylindrical ge-
ometry and the axis is along e,. The radius of the hole is
designated as a.

B.=0
B,=0 (7)
B, =By—6B/ cosh ((x/a)*+(y/a)?)

The magnetic hole crossing is shown on column (e) of the
Figure 6. Magnetic hole has linear polarisation, A,/A; ~ 0,
A3/A2 ~ 1 and the magnetic perturbation is parallel {B =
5B|| = 5BHeH.

6. EXAMPLES OF STRUCTURES

We consider coherent structures detected by the integrated
LIM over all scales and above the threshold, I > Ij,esn014 (S€€
Section 4.1). Among nearly ~ 10* events we have selected
374 with I/Lpresnora > 6 for visual examination. All of them
have a localised event at sub-ion scales, which is embedded
in a larger event at ion scales. At its turn, this ion scale
event is embedded in an MHD scale event. Here we show
3 such examples of Russian dolls with different types of the
structures at different scales, found among the subset of 374
events.

For each event, we consider the raw data during 200 sec-
onds around the central time, then we consider filtered mag-
netic field data JB; at time scales defined by equation (7),
with j =‘MHD’, ‘ion’ and ‘subion’. The duration of each
signal is defined by the largest time scale in each time-range,
ie., £100 s, £1 s and £0.08 s , respectively. Then, we
consider corresponding polarization of magnetic field. Fi-
nally, we examine plasma parameters for 200 s around cen-
tral times.

6.1. Example 1

The first event was observed on November 6, 2018, at
top =00:36:27 UT. Figure 7(a) shows magnetic field data in
the RTN reference frame during 200 s around #y. Here, By
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Figure 7. Example 1: A tangential discontinuity on MHD scales. The four panels on the left represent magnetic fluctuations near the central
time 7o = 0:36:27 UT. (a) Original magnetic field in RTN reference frame, (b) bandpass filtered magnetic fluctuations at MHD, (c) ion and (d)
sub-ion frequency ranges, see equations 6 and 7 in local MVA reference frame. (e-h) Corresponding polarisation plots. The orientation of MVA
basis vectors {e; }i=13, with respect to the background magnetic field By is provided in the legend with 6p,; angles. Angles for well-defined
MVA basis vectors are shown in bold. Panels of the right column show different plasma parameters at MHD scales: (i-k) the correlation
between (B— (B))/By and (V—(V))/V4, (1) the magnetic field and velocity modulus (|B| and |V]), (m) the electron density N, (n) proton and
electron temperatures Ty, T roral-
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and By components change sign in the center, magnetic field
rotates by the angle A = 80°. Thus, this is an example of a
current sheet. The flow-to-field angle is Oy = 113°, so the
PSP cross this structure under a quasi-perpendicular angle.
The polarization of these fluctuations in the plane (By,Br)
is shown in panel (e). The out of plane By is negative and
nearly constant during the considered time interval, so this
discontinuity is not at the edge of a switchback.

Figure 7(b) shows band-pass filtered MHD inertial range
magnetic fluctuations éByyp during the same 200 s around
to in the MVA reference frame. The grey horizontal bands
indicates +20yyp (two standard deviations of the random
phase signal at MHD scales). The discontinuity in the center
is due to the presence of the current sheet detected already in
the raw data with the amplitude 6B/B ~ 1.4. The shape of
0By (red line) around ¢, is due to the band-pass filtering or a
current sheet shown above in panel (a). The corresponding
polarization (panel (f)) is nearly linear. In the legend, we in-
dicate the angles between the corresponding mean field By
and the MVA basis. The MVA basis vectors e, e, and ez are
well-defined if both eigenvalue ratios are small, A, /A < 0.3
and A3/, < 0.3 (Paschmann & Daly 1998). If only the first
(second) of the ratios is below 0.3, then only e; (e3) is unam-
biguously defined. The angles with eigenvalue ratios below
0.3 are shown in bold in the legend of the polarizaion plane.
So, one can see a linear polarization, with the maximum vari-
ance direction ey quasi-perpendicular to By, ©p; = 80°. The
intermediate e, and minimum es variance directions are ill
defined.

Figure 7(c) shows a zoom to the time interval of £1 s
around the same central time #y. The grey horizontal band
indicates +20;,,. For ion scales, the amplitude is significant,
0Bion/Bo ~ 0.2, but smaller then one. The shape of ¢B;,, is
not the filtering remnant of the current sheet, as shown in the
Appendix. The black dashed line shows the fluctuations of
magnetic field modulus §|B|, which are negligible. Here, the
local MVA frame is well defined and minimal and maximal
variations are perpendicular to the field. The elliptic polar-
ization and the shape of magnetic fluctuations at ion scales
resemble the crossing of a dipole vortex (shown in the Fig-
ure 6(b)). Thus, we observe a vortex like structure embedded
in the current sheet.

Figure 7(d) shows the zoom-in to the time interval of
£0.07 s around #y. The grey horizontal band indicates
+204up-ion- Here magnetic fluctuations 6By, are well
localized in time and has a non-negligible fluctuations of
the modulus of magnetic field §|B|/dB; = 0.4 (black dashed
line). Observation of an important compressible component
in 6Bg,—ion 18 in agreement with a statistical increase of com-
pressibility at sub-ion scale (see the spectrum of compress-
ible fluctuations, Figure 2(b)). Sub-ion scale fluctuations
have elliptic polarisation. The maximum MVA eigenvec-

tor is quasi-perpendicular to the background magnetic field
0,1 =69°. The properties mentioned above can be explained
as the crossing of a compressible vortex through its center
(Jovanovic et al. 2015).

Figure 8. Schematic sketch of the Example 1, shown in the Figure
7. The blue dashed line illustrates the crossing trajectory. The mean
magnetic field (By) and the tangential (B;) component are shown in
black on both sides of the current sheet. The red lines indicate the
zoom to the embedded ion-scale vortex. A compressible sub-ion
scale vortex is shown in green. The embedded sub-structures are
shown not to scale.

Figure 7(i-k) show the magnetic field fluctuations nor-
malised by the background magnetic field (B — (B))/By,
where By = (|B|)r-t,e(-100.100s = 100 nT, and the proton ve-
locity fluctuations (V—(V))/V, normalised by the average
Alfvén velocity V4 = By/+/poNem, = 104 km/s. Both (B—
(B))/By and (V—(V))/V, are shown in magnetic field MVA
reference frame calculated using (B — (B)) vector over the
200 seconds shown. Magnetic field and velocity variations
across the sheet (A) are nearly aligned a(AB,AV) = 21°.
Variations in (B— (B))/By and (V—(V))/V, correlate, but
the amplitudes are different (|AV|/V4); =0.4-(|AB|/By);.

Thus, the discontinuity does not fulfill the Walen relation
AV = +AB/+\/4mp for rotational discontinuities. In pres-
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Figure 9. Example 2: An Alfvén vortex embedded in a week current sheet on MHD scales. The format is the same as Figure 7.
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Figure 10. Schematic sketch of the Example 2, shown in the Fig-
ure 9. The blue dashed line illustrates the crossing trajectory. The
magnetic field fluctuations associated with a vortex are shown in
black. The red lines indicate the zoom to the embedded ion-scale
vortex. A compressible sub-ion scale vortex is shown in green. The
embedded sub-structures are shown not to scale.

ence of pressure anisotropy, the density can change across
the discontinuity, and the Walen relation is modified, as fol-
lows (Hudson 1970; Neugebauer 2006):

A(Ap)=0
AV=(p/po)'*A'>AB/p) (18)

where A =1-po(p—pL) /B? is the anisotropy parameter.
In the considered time interval 3, < 0.5, so A = 1—47r(p” —
p1)/B > 1-5 ~ 0.5 implies A'/> > 0.7. However, we
would need A'/? ~ 0.4 to explain the observated relationship
between AV and A(B/p) with anisotropy.

In Figure 7(1-n) we see how magnetic field modulus |B|,
velocity modulus |V|, electron density N,, ion 7; and elec-
tron 7, temperatures change across the structure. Velocity
and temperatures stay nearly constant. At the same time, |B]|

and N, are anti-correlated: while magnetic filed increases by
A|B| = 10 nT, density decreases by AN, ~ 50 cm™. This
is usually observed for convected structures in pressure bal-
ance. The observed properties are typical for a tangential dis-
continuity, where magnetic field and density are not constant
across the discontinuity.

Another property to distinguish between RD and TD is
the magnitude of the normal magnetic field component B,,.
The divergence-free condition implies that B, must be con-
stant in case of planar geometry. So, MVA minimum vari-
ance direction should represent normal to the magnetic sheet,
and B3 = B, = constant. Next, tangential discontinuities have
B, =0, but in observations B; ~ 70 nT. These results are ob-
tained in the known limits of MVA since the MVA estimation
of the normal to the sheet can differ from normal estimated
from multi-spacecraft methods (Horbury et al. 2001; Knetter
et al. 2004).

So, to summarize, starting from the largest observed scales
and up to the end of the inertial range, we observe a current
sheet that can be interpreted in terms of a tangential discon-
tinuity (TD). At ion and sub-ion scale substructures are em-
bedded in this discontinuity. Ion scale structure resembles
the dipole Alfvén vortex model (see Section 5 and Figure 7
column (b)). Sub-ion scale structure might represent a com-
pressible vortex (Jovanovic et al. 2015). A sketch describing
this event is given in Figure 8.

6.2. Example 2

The second example is shown in Figure 9 in the same for-
mat as the first event in Figure 7. The central time of the
event is 01:19:20 UT. In panel (a) the raw magnetic field is
shown in RTN reference frame.

Panel (e) shows the polarization By (By); out-of-plane Bg
does not change sign (this structure is not a switchback). The
magnetic field deflects twice within the timescale of ~ 80 s.
Magnetic field on the left side of ¢, is different from the right
hand side: it rotates by A{ = 15° (see Equation (15)). This
can be due to a weak (|AB|/By = (B=-100s — Bi=100s)/Bo ==
0.3) rotational current sheet, since the ratio of velocity and
magnetic field jumps satisfy the Walen relation IAV|/V, =
1.03-|AB|/By.

Magnetic fluctuations at the MHD scales 0 Bygp are shown
in Figure 9 (b) in the MVA reference frame. The direc-
tion of the maximum eigenvector e; is well-distinguished
from intermediate (e;) and minimum (e3) directions since
A2/A1 =0.06, and it is perpendicular to the background mag-
netic field 0p,; = 88°. Magnetic and velocity components
are well correlated, indicating the Alfvénicity of fluctuations
(0B/By = §V/Vy), see panels (i-k). The linear polarisation
and the shape of the fluctuation profiles (0B;) are consistent
with the crossing of a monopole Alfvén vortex through the
center (Section 5.1.1, Figure 7(a)).
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Figure 11. Example 3: A rotational discontinuity (switchback boundary) nested in a larger magnetic depression region on MHD scales. The
format is the same as Figure 7.
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The amplitude of the vortex §B; =60 nT (i.e., from peak to
peak AB/By ~ 1.2) well exceeds the level of incoherent sig-
nal 2oyp =22 nT. Assuming Taylor hypothesis, the diam-
eter of the vortex can be estimated as d = VAt ~ 3-10* km.
PSP trajectory crosses the structure in a plane nearly perpen-
dicular to By (0, v =71°).

The variation of the magnetic field modulus is negligible
0|B|/By =0.03 as well as the variations of N, T, and T,, see
panels (I-n). The change of |V| (grey line in panel (1)) is due
to the superposition of the velocity fluctuation of the Alfvén
vortex on the bulk solar speed.

Figure 9(c) shows the ion scale magnetic fluctuations dB,,,
located in the center of the MHD scale Alfvén vortex. The
maximum amplitude of the fluctuation: max(|dB;|) =24 nT,
as well as two secondary peaks on the left and right sides ex-
ceed the incoherent threshold +20;,,—sca1. Shown in grey. The
polarization is elliptical (panel (g)), and the maximum vari-
ance is perpendicular to the local field direction. These ob-
served properties are in agreement with an ion-scale Alfvén
vortex crossing with a finite impact distance from its cen-
trum.

Figure 9(d) shows the sub-ion fluctuations §Bg,p—ion, which
are 10 times more intense than the incoherent thresh-
old. They are quasi-transverse, 0p,; = 88° and 0p,» =
64°, and weekly compressible, max(dB)) ~ max(6B3) <
0.2max(dB;). The polarizaion is elliptical. The maximum
variance is perpendicular to the local field, as in the case of
ion and MHD scale structures. The fluctuations at sub-ion
scales can be explained by the electron Alfvén vortex Jo-
vanovi¢ et al. (2015).

In summary, in the example of Figure 9, in raw data we ob-
serve a weak current sheet with the thickness of the high am-
plitude MHD scale structure. This current sheet is Alfvénic
in nature that is the property of a rotational discontinuity. The
MHD structure we can interpret as a monopole Alfvén vortex
crossed close to its centrum. Within this monopole Alfvén
vortex, we observe smaller scale vortices at ion and sub-ion
scales. The sketch of the Example 2 is presented in the Figure
10.

6.3. Example 3

Figure 11 gives a third event observed at 2:19:38 UT. In
panel (a) the center of the current sheet is observed at t —
to = 20 s, when the magnetic field rotates by the angle A{ =
110°. By changes sign across the sheet, so the sheet forms
the boundary of a switchback, similarly to observations in
(Krasnoselskikh et al. 2020).

In Figure 11(b), MHD scale fluctuations in MVA reference
frame are shown. The amplitude of fluctuations, associated
with the discontinuity, exceed the level of the incoherent sig-
nal (see grey horizontal band). Panels (e-f) show the corre-
sponding polarizations.

The fluctuations are Alfvénic in the vicinity of the discon-
tinuity: 0B/By = 0V1/V4 when 1 —1y € (0,40) s, see Figure
11(i-k). But further away from the discontinuity AB/By and
AV /V, have different amplitudes: AB; /By~ 0.5- AV, /Vj.

The magnetic field modulus decreases from 105 nT at the
boundaries to 90 nT in the center (panel (1)). The duration of
this magnetic cavity is Ar = 100 s, which corresponds to the
scale of Al = At-V =3.5-10* km. The density N, weakly in-
creases across the discontinuity (Figure 11(m)). The proton
temperature 7), is higher on the left side of the discontinu-
ity than on the right (Figure 11(n)). It decreases right in the
discontinuity center in contrast with a nearly uniform 7.

In summary, the current sheet follows the characteristic
features of rotational discontinuities (Section 5.2.1), as fol-
lows. Within the short time interval near the center of the
sheet t —1y € (0,40) s, the Walen relation is satisfied (panel
(1)), and the magnetic field modulus is constant. The polar-
ization of magnetic fluctuations is arch-like, that is typical
for rotational discontinuities (Tsurutani et al. 1996; Sonnerup
et al. 2010; Haaland et al. 2012; Paschmann et al. 2013).

Magnetic fluctuations at ion scales (Figure 11(c)) are twice
above the incoherent threshold. The maximum and interme-
diate magnetic fluctuations (0B and dB;) are transverse and
have nearly the same amplitude, the polarisation is close to
elliptic (Figure 11(g)). The eigenvalue ratios of the structure
are (A3/X\2,\2/A1) =(0.06,0.71) (see the "+" marker in Fig-
ure 12 in ion-scales panel). The minimum MVA eigenvector
e; is well-defined and parallel to the background magnetic
field. The described properties (i.e. localised transverse fluc-
tuations with nearly elliptic polarisation) are consistent with
the off-center monopole Alfven vortex crossing (Figure 6(a)).
The ez gives the direction of the vortex axis, which is parallel
to By according to the model (Section 5.1.1).

The sub-ion scale structure is localised and its amplitude
is much higher than the corresponding incoherent thresh-
old (Figure 11(d)). The sub-ion scale structure has typical
properties of structures at these scales: dB; is Mexican hat-
like, significant compressibility d|B| ~ 0.59B;. Such local-
ized compressible magnetic fluctuations at sub-ion scales can
be interpreted as the electron Alfvén vortex Jovanovié et al.
(2015).

6.4. Summary of detected structures

We collected large statistics of coherent structures (Figure
4). At MHD scales some of these events represent isolated
current sheets such as tangential and rotational current sheets
with two examples shown in Section 6.1 and 6.3 respectively.
However, we found that current sheets are not the dominant
type of coherent structures. The example in Section 6.2 (Fig-
ure 9) is interpreted as the crossing of a monopole vortex
along its center (embedded in a weak and large scale rotation-
nal discontinuity). What is really interesting is that the em-
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bedded structures at ion and sub-ion scales are mostly Alfvén
vortices, independently on the existence of a current sheet at
large scales. In case of CS at large scales, the sub-ion vortices
are compressible and in the case of the large scale Alfvén vor-
tex, the small scale vortex is incompressible. The generality
of this conclusion will be studied in a future work.

7. MULTISCALE MINIMUM VARIANCE ANALYSIS

Now, we consider the whole set of structures detected
by integrated LIM at different time-scale ranges, see equa-
tion (10). As we have discussed in Section 4.1, the num-
ber of structures increases toward small scales, from nearly
200 events at MHD scales, to more than 10* events at
sub-ion scales. For all these events, we study the ampli-
tude anisotropy of the measured fluctuations via minimum
variance analysis (MVA). Then, we compare the observed
anisotropy with the one of the model structures crossed by a
spacecraft. Such synthetic crossings of different models have
been already discussed in Section 5 and shown in Figure 6.

7.1. Observational characteristics of coherent structures

For each coherent structure detected at j-th range of scales
we consider filtered magnetic field fluctuations JB; at the
time interval £ —fy € Tytruer = (~Timax, j» Tmax,j) in the vicinity of
the structure center fy, Where 7,4, ; is the maximum timescale
of each scale range defined by Equation (7). We define the
amplitude of the structure 0By ucr,j as:

5Bstruct = max(\(5BJ |)t€ (19)

Tstruct

The amplitude anisotropy of the magnetic fluctuations éB;
of the structure along the crossing trajectory is characterised
by MVA eigenvalue ratios A;/A; and A3/\;. The relative
amplitude 0By e, j/Bo is shown in color in the Figure 12.
For each range of scales, the number of structures N and the
filling factor P are shown in the legend.

Figure 12(a) gives the results of the MVA for the raw mag-
netic field data during 200 s time intervals around the central
times ¢y, of the MHD-scale coherent structures (see the dis-
cussion of the detection method in the end of Section 4.1).
The MVA results for three examples analysed in detail in
Sections 6.1,6.2, and 6.3 are marked on the (\2/A1,A3/\2)
plane with special symbols: Example-1, TD at large scales,
is a black dot; Example-2, an Alfvén vortex at large scales,
is a cross; and Example-3, a RD at large scales, is a plus. We
see here, that intermediate over maximum variance, \>/Ap,
can be anything, as is the case for the monopole and dipole
Alfvén vortex, see Figure 6. Minimum over intermediate
variance, A3/\,, sometime takes high values (> 0.5), as is
the case for the monopole vortex, a tangential discontinu-
ity or a magnetic hole. Values of A\;/), around 0.3 and for
small A,/ can be interpreted as rotational discontinuities,
see Figure 6. So, the observed distribution of A3/, as a
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Figure 12. Minimum variance analysis eigenvalues ratios plane
(A2/A1, A3/ A2): each dot corresponds to an observed coherent struc-
ture, the color gives its amplitude 6By uc/Bo. Panels (a,b) corre-
spond to the raw data and MHD scales, respectively. They include
196 structures found at MHD scales. Panel (c) gives results for 2028
structures at ion scales and panel (d) gives the eigenvalues ratios for
11167 events at sub-ion scales. The filling factor P and the number
of detected coherent structures N at different frequency ranges are
shown in the legends. The eigenvalue ratios of the example struc-
tures from Figures 7, 9 and 11 are shown by the black marks: "cir-
cle", "cross", and "plus". They correspond to the example structures

s

1-3, respectively.

function of \y/\; can be due to a superposition of different
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Figure 13. Minimum variance analysis eigenvalues ratios plane
(A2/A1,A3/X2) are shown in the same format as in Figure 12 for
the observed coherent structures. The color indicates the compress-
ibility of the coherent structures Cy¢ (defined in Equation (20).

types of coherent structures. It seems that vortices are domi-
nant, but other types of structures may also exist.

Figure 12(b) corresponds to the same set of coherent struc-
tures as in panel (a) but for filtered MHD-scale fluctuations
0By p instead of the raw magnetic field data. Here, the data
are spread nearly uniformly in the bottom-left part of the
panel. This distribution can be also interpreted as a super-
position of the 5 models discussed above, with a dominance
of vortices.

Figure 12(c,d) represent the MVA results for ion and sub-
ion scale structures respectively. At ion scales, the distri-
bution is similar to what is observed in raw data, but with
more cases (2028 vs 196). Sub-ion scale structures have
different distribution on the MVA eigenvalue ratios. Most
of the points and especially of high amplitude events are
grouped closer the left side of the eigenvalue ratios plane,
where A, /A; < 0.25. But this does not exclude any of the 5
models.

An additional distinguishing parameter is the compress-
ibility of magnetic fluctuations within a coherent structure.
A coherent structure is compressible, if the magnetic field
magnitude |B| is not constant due to the parallel magnetic
fluctuations of the structure. Considering the compressibility
at j-th range of scales, we filter |B| (as we do for fluctuations
0B)) to define 4|B| at the scale-range j. The amplitude of
compression associated with a coherent structure is given as
max(|9|B||)er,,,.,- We normalise it by 0By, to define the
compressibility of the structure:

Cstruct = max(\(5|B| ‘)/5Bstruct (20)

We underline that our definition of compressibility differs
from the definitions used in Turner et al. (1977); Volwerk
et al. (2020). It is more similar to those used in Stevens &
Kasper (2007); Perrone et al. (2016).

Figure 13 shows the MVA eigenvalue ratios of the struc-
tures in the same format as the Figure 12, but the color in-
dicates the compressibility Cy,.; (defined in Equation (20)).
One observes that in the raw data, at MHD and ion scales, the
structures are mostly incompressible, see Figure 13(a-c). At
sub-ion scales, incompressible structures are located close to
the x-axis as it is expected for vortices and close to y-axis as
is expected for current sheets and vortices. The most com-
pressible events (with Cyy,,, > 0.8) represents only 2.7% and
can appear anywhere in the plane. At these small scales, 34%
of events can not be compared with the 5 models described
above. Indeed, these events are the ones from the middle of
the plane, around A\, /\; = A3/A; = 0.5, and which have low
amplitudes as one can see from Figure 12(d). So, we con-
clude that at sub-ion scales, low amplitude events have more
isotropic magnetic fluctuations.

Below, in Sections 7.2 and 7.3 we use another approach
to quantify the proportions of different types of structures at
different scales.

7.2. Noise level estimation

We want to compare the observed distributions of
(A2/A1,A3/X2) and the degree of compressibility Cypye; for
MHD, ion and sub-ion scale structures, with the crossings
of different coherent structures models, (see Section 5). The
incoherent noise affects the MVA eigenvalue ratios (shown
in the bottom row of the Figure 6). The greater is the ratio
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<€obs> U(Eobs,j)

RAWDATA MHD 0.11  0.03

MHD 0.11  0.03
Ion scales 0.15 0.05
Sub-ion 0.12 0.03

Table 2. The mean and the standard deviation of the relative noise
level €, at different ranges of scales (defined in Equation (21)).

€ = 0Bnoise / OBstruct» the closer are the Ay /A and A3/Az) to 1.
Therefore, we need to estimate ¢ from observations to take
into account the noise in the model crossings.

For each structure at j-th scale range we calculate the ratio
of the noise 0is,; (defined in Equation (11)) to the ampli-
tude of the structure 0By ycr j:

€obs,j = Unoise,_j/sttrucrﬁj (21)

At each range of scales the distribution of €, ; is nearly
Gaussian, but with different values of parameters. The mean
values (€ops, j> and the standard deviations o (e, ;) are shown
in the Table 2.

We repeated the crossings simulation with 10 different
relative amplitudes of the imposed noise ¢, following the
Gaussian distribution with the same parameters, <e(,;,s, j> and
o(€ops,j), as in observations. The obtained results of the
model crossings with different €, are used in the next Sec-
tion.

7.3. Classification

For convenience we use the notation (r3,r)) =
A3/ A2, A2/ A1) for MVA eigenvalue ratios. First, we sys-
tematically investigate the compressible coherent structures
with nearly linear polarisation, such as magnetic holes (see
Section 5.3). We use two criteria to select magnetic holes.
First, Csruer > 0.8 (Cyruer 18 defined in Eq. (20)) to select
strongly compressible structures and second, we delimit the
zone (r3p > 0.6, < 0.4) in the MVA eigenvalue ratios
plane, that is characteristic for the magnetic hole crossings,
see the bottom panel of the Figure 6(e). Their percentage at
MHD, ion and subion scales is shown in the column Mag-
netic hole of Table 3. We found that they are observed only at
sub-ion scales. Among sub-ion scale structures, they account
for 0.4% of the cases. We will study these events in more
details in a future work.

We define the proportions of vortices and current sheets
among the remaining observed structures by comparing the
amplitude anisotropy from observation, without imposing
any criterion for compressibility.

Figure 14(a) show 2D histograms (6 x 6 bins) of distribu-
tions of the data in (r3;, 7 )—plane for observations at MHD
(top), ion (middle) and sub-ion (bottom) scales. In other

words, we show the probability density P,y ; of observations

Pos,j(132,721) = Nops, j(r32,721) / Nobs,j» (22)

where N,y j(r32,721) is the number of the observed structures
in a bin, and N, ; is the total number of observed structures.
The index j denotes the scale range.

We assume that crossings of coherent structures along tra-
jectories with different impact parameters are equally proba-
ble and we take into account the noise from the observations,
with Equation (21), as explained below. Since the dipole
Alfvén vortex has an angular structure, we average the results
over a uniform distribution of trajectory orientations. Then,
we obtain the probability density P(r3;,721|model) of MVA
eigenvalue ratios for each model structure:

Pj(r3y,ra1|model) = Nyoger, j(r32,721)/ Ninodet, j (23)

The probability distributions for 4 different models
Pj(r32,r21|model) are shown in columns (b-¢) of Figure 14.
To simulate different scales, we change the level of the
noise according to what is observed at each scale, see Equa-
tion (21).

The observed distribution of MVA eigenvalue ratios Py,
can be expressed as the linear combination of the conditional
probabilities P;(r3;, 1y |model), determined from the models.
The positive coefficients p(model) reflect the probability to
encounter each model structure. Coefficients p(model) are
found from the constrained minimisation problem:

[|Pobs(r32,721)= Y p(model)P(r3p, rz | model)|| — 0

model

Z p(model) < 1
model
p(model) > 0
(24)

We use the least squares minimisation. The resulting prob-
abilities p(model) at different scales and for different models
are shown in the Table 3: The MVA eigenvalues of the ob-
served coherent structures at any scale range are most con-
sistent with the crossings of the dipole Alfvén vortices. The
monopole vortices account for 7—15% of coherent structures
among different scales. The rotational discontinuities are ob-
served in raw (non-filtered) data at MHD scales only. Tan-
gential discontinuities does not appear to be statistically sig-
nificant. There is 6% of events which were not possible to
model at MHD scales and nearly 40% at sub-ion scales (see
the None column in Table 2). These unidentified large num-
ber of events at sub-ion scales is probably due to a more 3-
dimentional nature of the fluctuations not taken into account
by nearly incompressible models.

The result presented in Table 3 doesn’t change qualitatively
if instead of least squares, the sum of the absolute values of
probability differences (between observations and models) in
each bin is minimized.



20 A. VINOGRADOV ET AL.

Alfvén vortex Current sheet Magnetic hole None
N P[%] Monopole Dipole Rotational Tangential
RAWDATA MHD 196 12 0.04 0.86 0.1 0 0 0
MHD 196 12 0.1 0.84 0.0 0 0 0.06
Ion scales 2028 7 0.15 0.85 0.0 0 0 0
Sub-ion 11167 6 0.07 0.49 0.05 0 0.004 0.34

Table 3. In the 1st and 2nd columns, we give the number of structures N and the filling factor P [%] at different ranges of scales (as defined
in Section (4.1)). Other columns give results of the problem formulated in Equation (24): the coefficients p(model) which correspond to the
fraction of the observed coherent structures that have MVA eigenvalue ratios and compressibility consistent with the crossing of a given model

(Figure 6).

(a) Observations (b) Iillonopole Alfven vortex  (c) Dipole Alfven vortex (d) Rotational CS (e) Tangential CS
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Figure 14. Probability distributions on the MVA eigenvalue ratios plane (r32,721) = (A3/A2, A2/A1). The column (a) shows the probability [%]
per bin to observe a coherent structure with the corresponding MVA eigenvalue ratios (so Py, j(732,121) defined by Equation (22)). First and
second panels of the column (a) show the distributions for the MHD-scale coherent structures using the raw (non-filtered) data and the MHD-
range filtered data respectively. Third and fourth rows of the column (a) correspond to coherent structures detected at ion and sub-ion scale
ranges respectively. Columns (b-¢) show the probability densities obtained from simulating model crossings (P;(r32,r21|model) defined by
Equation (23)). The difference between panels in columns (b-e) is due to the different imposed noise level €, (see Section 7.2 for details).

8. CONCLUSION AND DISCUSSIONS

The intermittency in the solar wind is typically investigated
from the statistical point of view. The scale-dependent kurto-
sis of magnetic increments is used as the principal quantita-
tive diagnostic, showing the presence of coherent structures.

In this paper, for the first time, we apply a multi-scale ap-
proach in physical space, from the largest MHD scales, to the
smallest resolved sub-ion scales.

Using PSP merged magnetic field data at 0.17 au and
the Morlet wavelet transform, we detect intermittent coher-
ent structures (appearing as vertical elongations from MHD
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to sub-ion scales in magnetic scalogram) and we apply the
multi-scale analysis for each detected event. Around each
central time of an event, we find localised magnetic fluctua-
tions at sub-ion scales with amplitudes up to dB/Bj ~ 0.03.
This small scale event is embedded in a larger event at ion
scales, with amplitudes up to §B/By ~ 0.3. At its turn, ion
scale event is embedded in a high-amplitude (dBy et /Bo ~
0.4-1.0) MHD-scale structures. Such embedding across the
whole turbulent cascade is presented here for the first time.

The topology and properties of the coherent structures
change from scale to scale. Using plasma and field time pro-
files, we could characterize several events in more details.
We show examples of planar tangential and rotational dis-
continuities at MHD scales containing embedded cylindrical
sub-structures inside it: incompressible ion-scale Alfvén vor-
tex and sub-ion scale compressible vortex. Another example
is a cylindrical structure of vortex type at MHD, with embed-
ded incompressible vortices at ion and sub-ion scales.

From the analysed examples, we see that while at large
scales a planar discontinuity is present, the sub-ion scale vor-
tex is compressible. However, if the large scale MHD vortex
is present, like in Example-2, the sub-ion scales vortex can
be nearly incompressible.

We completed study of examples with a statistical analysis.
In a time interval of about 5 hours we detected nearly 200
events at the MHD scales, and much more events at ion (~
2-10%) and sub-ion scales (~ 10%).

The filling factor of the structures, that we estimate in a
conservative way (see discussion in section 4.1), decreases
from 12% at MHD scales to 7% and 6% at ion and sub-ion
scales correspondingly. However, the tails of the PDF’s of
magnetic fluctuations within different scale ranges, increases
toward smaller scales.

In order to determine the dominant type of coherent struc-
tures, we compare observations with models of Alfvén vor-
tices (monopole and dipole), current sheets (tangential and
rotational discontinuities), and magnetic holes. The ampli-
tude anisotropy of magnetic fluctuations, measured along the
crossing trajectory, is quantified with the two ratios of mini-
mum variance (MVA) eigenvalues. The model crossings are
simulated along a set of trajectories with a broad range of
impact parameter. The statistics of crossings shows that each
model structure has a distinctive most-probable zone in the
eigenvalue ratios plane. We fit the distribution of eigenvalue
ratios from observations with the linear combination of the
distributions obtained with the model crossings. This pro-
vides the proportions of the vortices and current sheets.

At the MHD scales applying MVA to the raw data we
found 86% dipole Alfvén vortices, 4% monopole vortices
and 10% rotational discontinuities. Analyzing the same
structures with filtered magnetic field data at MHD scales,
(1,100) s, we found 84% dipole vortices, 10% monopole

vortices, and 6% unspecified structures. The discontinuities
found in raw data are rarely isolated (an isolated current sheet
is Example 1, Figure 7). Thus, while considering only time
scales below 100 s, the amplitude of the jump decreases and
the MVA results give properties of MHD structures around
the discontinuity, as is clearly seen in Example 3, Figure 11.

On ion scales we found 85% dipole vortices and 15%
of monopoles. Planar discontinuities are not found by our
method.

On subion scales coherent structures represent dipole vor-
tices (49%), monopole vortices (7%), rotational current
sheets (5%) and magnetic holes (0.4%). Around 34% of sub-
ion scale structures don’t fit any of the considered models. It
is plausibly, because the incompressible models of vortices
have been used in comparison to observations. To improve
this study at sub-ion scales in the future, the electron-scale
Alfvén vortex model of Jovanovi¢ et al. (2015) should be
used.

The visual classification of ion-scale coherent structures at
0.17 au, during the first PSP perihelion, has been done re-
cently in Perrone et al. (2020). Three different time inter-
vals were considered: quiet, weekly-disturbed and highly-
disturbed solar wind. The highly-disturbed interval (of 1.5
h) with Bg reversals is a subset of the Sh-interval considered
here. The authors concluded that in the highly-disturbed in-
terval current sheets were dominant (46%), while during the
weekly-disturbed interval Alfvén vortices (45%) and wave
packets (50%) were observed. This is in contrast with the
quantitative classification presented in this article (showing
that Alfvén vortices are dominant).

In the previous studies of ion scales coherent structures at
1 au in slow (Perrone et al. 2016) and fast (Perrone et al.
2017) solar wind with Cluster satellites, the dominance of
Alfvén vortices with respect to current sheets has been found.
That is more consistent with our results at 0.17 au in the slow
wind.

Results presented in this article are limited to a specific
slow highly-perturbed solar wind region at 0.17 au from the
Sun. The analysis can be expanded to different solar wind
conditions (different radial distance, types of solar wind,
originating from ecliptic or polar regions of the Sun) in or-
der to obtain a more general picture. An interesting problem
is how the structures evolve in the same plasma parcel as the
solar wind expands.

To identify exactly the same plasma at different radial dis-
tances is not an evident task. Several studies gives attempt
to do so with PSP and SOLO and study the evolution of
statistical turbulence properties (for example, Telloni et al.
2021) and intermittency (Sioulas et al. 2022). Perrone et al.
(2022) compared the solar wind from the same coronal hole
observed by PSP at 0.1 au and by SOLO at 0.97 au. The au-
thors show examples of vortex like structures at ion scales at



22 A. VINOGRADOV ET AL.

these two radial distances with 0.7 s duration at 0.1 au and

4 s duration at 0.97 au. This increase of time scale with R is 2 ____ Rawdata (a)
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Figure 15. Filtration of the current sheet. The temporal scale of
the current sheet is Af = 0.1 s. The top panel (a) shows the raw
data (blue line) and the bandpass filtered signal at MHD range of
timescales 7 € Tyup (orange). The bottom panel shows the zoom to
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from the Initiative Physique des Infinis (IPI), a research train- at T € Tion-
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APPENDIX

At ion and sub-ion scales the size and amplitude of embedded substructures are much smaller than the the background and
MHD-scale fluctuations. Therefore, filtration allows to remove the quasi-constant background and to analyze specifically the
fluctuations associated with substructures. However, the filtration may introduce an ambiguity in the interpretation of the signal.
Consider the thin (i.e. £ ~ d;) current sheet, so that the crossing duration is Az =0.125 s. Figure 15 shows the tangential magnetic
field component of the current sheet (blue) and the result of the filtration (orange).

In Figure 15(a) the filter frequency window corresponds to the MHD inertial range, as defined in Section 3 in Equation 6.
Since the thickness of the sheet is small, Az/min(7yyp) = 0.1, the filtered signal has a steep jump of the same amplitude as the
amplitude of the initial signal. However, unlike the initial signal, the filtered signal tends to O at the scale |¢| > max(Tyup)/2
away from the discontinuity. Two small peaks appear at t = £50 s.

Figure 15(b) shows the result of the filtration at ion scales. The magnetic field changes sign smoothly. If the thickness of an
intense coherent structure is smaller than the minimum timescale of the MHD range, and if the classification method is based on
the shape of the most intense filtered magnetic field component, then the CS filtration remnant at ion scales can be miss-classified
as an embedded monopole Alfven vortex crossed through its center.

Alternatively, the classification can be based on the observational statistics of MVA eigenvalue ratios. MVA eigenvalue ratios
(A3/X2, 22/ A1) characterise the amplitude anisotropy of the magnetic fluctuations along the crossing trajectory. Moreover, the
classification based on the probability distributions of MVA eigenvalue ratios indirectly takes into account the geometry of the
structures, because the probability of having different (A3 /A2, A2/ A1) depends on the geometry of the structure and on the crossing



EMBEDDED COHERENT STRUCTURES FROM MHD TO SUB-ION SCALES AT 0.17 AU 23

trajectory. Indeed, in Section 5 it was shown that in case of Alfven vortices (unlike current sheets) crossing (A3 /A2, A2/ A1) depend
strongly on the impact parameter ¢. The observed probability distribution of (A3/Az, A2 /A1) is a global characteristics of coherent
structures, if we assume, that in observations there is no preferential impact parameter (all ¢ shown in the blue cone in Figure 6
have equal probability).
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