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Key Points:

e Current sheets are predominantly rotations of the magnetic field on proton kinetic
scales

 Scale-invariant properties strongly indicate that current sheets are produced by
turbulence

e The asymmetry of current sheets is typically insufficient to suppress magnetic re-
connection
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Abstract

We present statistical analysis of 16,903 current sheets (CS) observed over 641 days aboard
Ulysses spacecraft at 5 AU. We show that the magnetic field rotates across CSs through
some shear angle, while only weakly varies in magnitude. The CSs are typically asymmetric
with statistically different, though only by a few percent, magnetic field magnitudes at
the CS boundaries. The dataset is classified into about 90.6% non-bifurcated and 9.4%
bifurcated CSs. Most of the CSs are proton kinetic-scale structures with the half-thickness
of non-bifurcated and bifurcated CSs within respectively 200-2,000 km and 500-5,000 km
or 0.5-5A, and 0.7-15), in units of local proton inertial length. The amplitude of the
current density, mostly parallel to magnetic field, is typically within 0.05-0.5 nA/m? or
0.04-0.4J 4 in units of local Alfvén current density. The CSs demonstrate approximate scale-
invariance with the shear angle and current density amplitude scaling with the half-thickness,
AD =~ 16.6° (A/X,)"31 and Jo/Ja =~ 0.14 (A\/A,) 7296, The matching of the magnetic field
rotation and compressibility observed within the CSs against those in ambient solar wind
indicate that the CSs are produced by turbulence, inheriting thereby its scale-invariance and
compressibility. The estimated asymmetry in plasma beta between the CS boundaries is
shown to be insufficient to suppress magnetic reconnection through the diamagnetic drift of
X-line, but magnetic reconnection is probably suppressed by other processes. The presented
results will be of value for future comparative analysis of CSs observed at different distances
from the Sun.

Plain Language Summary

Current sheets are coherent structures potentially contributing into solar wind heating.
These structures are highly-likely produced by turbulence, but the alternative hypothesis of
coronal origin has not been ruled out. The analysis of current sheets at different distances
from the Sun may potentially shed light onto the origin and contribution of these structures
into solar wind heating. While there are comprehensive analyses of solar wind current sheets
at 1 AU and near the Sun, there is still no equivalent analysis of these structures well be-
yond 1 AU. In this study we present an extensive statistical study of current sheets observed
aboard Ulysses around 5 AU. We demonstrate that the current sheets are predominantly
rotations of the magnetic field, typically occurring on proton kinetic scales and exhibit-
ing approximate scale-invariance. We provide strong evidence that the current sheets are
produced by turbulence and inherit the scale-invariance and magnetic field compressibility
typical of turbulence. The presented results will be of value for future comparative analysis
of solar wind current sheets observed at different distances from the Sun.

1 Introduction

Solar wind current sheets were observed aboard early spacecraft missions at 0.3—-1 AU
(Burlaga, 1969; Mariani et al., 1973; Burlaga et al., 1977; Lepping & Behannon, 1986; S6ding
et al., 2001), 1-8 AU (Tsurutani & Smith, 1979; Tsurutani et al., 1996) and 20 AU (S6ding
et al., 2001). It was demonstrated that the current sheets are predominantly magnetic field
rotations that is the magnetic field rotates across a current sheet through some shear angle,
while remains almost constant in magnitude. The early studies used current sheet selection
procedures based on magnetic field measurements with the temporal resolution exceeding ten
seconds. The current sheets revealed at 1 AU had spatial thickness, computed by assuming
the structures are frozen into local plasma flow, larger than about one thousand kilometers
or ten proton inertial lengths (Burlaga et al., 1977; Lepping & Behannon, 1986). The typical
occurrence rate of current sheets at 1 AU was about one per hour (Mariani et al., 1973;
Burlaga et al., 1977) and decreased with increasing radial distance from the Sun (Lepping
& Behannon, 1986; Tsurutani & Smith, 1979; Tsurutani et al., 1996). The early stud-
ies were heavily focused on classifying current sheets in terms of tangential and rotational
discontinuities based on the magnetic field component along the normal computed by Min-
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imum Variance Analysis (MVA). Multi-spacecraft observations showed however that MVA
is typically not reliable in estimating the normal to solar wind current sheets and showed
that the normal magnetic field component is often within the methodology uncertainty and
much smaller than local magnetic field magnitude (Horbury et al., 2001; Knetter et al.,
2004; Wang et al., 2024). The latter implies the normal is often almost perpendicular to
local background magnetic field in accordance with early theoretical reasoning (Matthaeus
et al., 1990; Bieber et al., 1996; Leamon et al., 1998, 2000). The relative occurrence of
tangential and rotational discontinuities is still not known (Neugebauer, 2006; Artemyev,
Angelopoulos, Vasko, Runov, et al., 2019; Artemyev, Angelopoulos, & Vasko, 2019; Wang
et al., 2024). The spacecraft observations and numerical simulations have shown that most
of current sheets in the solar wind are produced by turbulence and substantially contribute
into development of turbulence cascade as well as solar wind heating (see, e.g., reviews by
Matthaeus et al. (2015) and Greco et al. (2018)). Note that a fraction of current sheets,
especially large-scale structures, may originate in solar corona (e.g., Borovsky (2008)). The
need for understanding plasma turbulence and solar wind heating have recently stimulated
comprehensive analyses of solar wind current sheets using high-resolution magnetic field
measurements.

Substantial progress has been achieved by the analysis of current sheets at 1 AU using
magnetic field measurements with the temporal resolution of 1/3-1/22 s (Vasquez et al.,
2007; Perri et al., 2012; Borovsky & Podesta, 2015; Podesta, 2017; Perrone et al., 2017;
Borovsky & Burkholder, 2020; Vasko et al., 2021, 2022; Wang et al., 2024). It has been
shown that solar wind current sheets are much more abundant than reported in the early
studies, their average occurrence rate is about ten per hour, while the half-thickness is
typically about 100 km or one proton inertial length (Vasquez et al., 2007; Vasko et al.,
2021, 2022; Wang et al., 2024). The early studies missed a substantial fraction of current
sheets present at 1 AU, because the selection procedures were based on magnetic field
measurements of low temporal resolution and biased to current sheets with larger thickness.
The recent analyses have also revealed scale-dependent properties of solar wind current
sheets (Vasko et al., 2022; Wang et al., 2024), which along with other arguments (Greco et
al., 2008, 2009; Zhdankin et al., 2012) indicate that most of these structures are produced
by turbulence. Solar wind current sheets can provide substantial contribution into magnetic
field turbulence spectra and affect the break scale between inertial and sub-ion turbulence
ranges (Borovsky & Podesta, 2015; Borovsky & Burkholder, 2020). Parker Solar Probe
measurements have recently allowed analysis of current sheets around 0.2 AU (Phan et
al., 2020; Lotekar et al., 2022). The critical finding of the statistical analysis by Lotekar
et al. (2022) is that the properties of current sheets at 0.2 and 1 AU while different in
physical units, become essentially identical once normalized to local plasma parameters.
Similar extensive analysis of current sheets well beyond 1 AU would be highly valuable for
clarifying to what extent current sheet properties at different radial distances are controlled
by local plasma parameters.

Several previous studies yielded valuable information about current sheets beyond 1
AU (Tsurutani & Smith, 1979; Tsurutani et al., 1996; Séding et al., 2001; Erdés & Balogh,
2008; Miao et al., 2011; Artemyev et al., 2018). In particular, the previous analyses of
current sheets observed aboard Ulysses spacecraft at 5 AU revealed the average occurrence
rate of 15-25 current sheets per day (Tsurutani et al., 1996; Erdés & Balogh, 2008; Miao et
al., 2011), temporal width from a few to a few tens of seconds (Miao et al., 2011; Tsurutani
et al., 1996), spatial half-thickness from about 1,000 to 10,000 km (Erdés & Balogh, 2008),
and a positive correlation between the shear angle and temporal width (Miao et al., 2011).
A comprehensive study of current sheets at large radial distances is however still necessary
for future comparative analyses of current sheets observed at different radial distances. In
this paper we present the analysis of current sheets observed aboard Ulysses around 5 AU
based on the methodology previously used at 0.2 and 1 AU (Lotekar et al., 2022; Vasko
et al., 2021, 2022). Similarly to the latter studies we consider Ulysses observations around
solar minimum and almost within the ecliptic plane. The revealed distributions of current
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Figure 1. Overview of Ulysses observations over 641 days, from 1997 June 6 to 1999 March
31: (a)—(e) daily averages of the magnetic field magnitude, ion flow velocity, proton and electron
densities, temperatures and betas; (f) daily averages of the percentage of data points with the
PVI index above the threshold of PVI= 5; (g) the daily occurrence of current sheets and (h) the
percentage of current sheets classified as bifurcated. The red lines in panels (f)—(h) represent the
averaged values of the corresponding quantities over the 641 days. The labels at the bottom indicate
year, DOY (Day Of Year), radial distance and heliographic latitude.
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sheet properties will be of value for future comparative analyses of current sheets observed
at different radial distances from the Sun.

2 Data and methodology

We consider Ulysses observations over 641 days, from 06/29/1997 to 03/31/1999 that
is around solar minimum, when the spacecraft was at about 5 AU and close to the ecliptic
plane, at heliographic latitudes within 25°. We use magnetic field measurements provided at
the temporal resolution of 1 or 2s by the VHM (Vector Helium Magnetometer) instrument
(Balogh et al., 1992), and electron and ion moments (density, flow velocity and temperature)
provided at about 6 minute cadence by the SWOOPS (Solar Wind Observations Over the
Poles of the Sun) experiment (Bame et al., 1992). While the original magnetic field data
had the temporal resolution of 1s for about 70% of data points, we used magnetic field
data at 1s resolution obtained by interpolation. The magnetic field is provided in the RTN
coordinate system, where R is along the Sun-spacecraft axis, T is the cross product of the
solar rotation axis and R, and N is the cross product of R and T. Only electron and proton
moments are used in this study, while the density of alphas was less then 5% of the ion
density for more than 95% of data points and never exceeded 20%. We use the mean of
upper and lower estimates of the proton temperature provided by Ulysses, but the presented
results would not change if we used the upper or lower estimates instead.

Figure 1 overviews Ulysses observations over the 641 days. Panels (a)—(d) present daily
average values of the magnetic field magnitude, ion flow speed, density and temperature of
protons and electrons. The magnetic field magnitude was about 0.2-2 nT, the solar wind
speed was typically within 450 km/s, electron and proton densities varied between about
0.01 and 1 ecm~3, while electron and ion temperatures were mostly within 1-10 eV. Panel (e)
shows that electron and proton betas were similar and typically around one. We collected
current sheets using the Partial Variance Increments (PVI) methodology (Greco et al., 2008,
2018) previously implemented at 0.2 and 1 AU (Vasko et al., 2021, 2022; Lotekar et al., 2022).
In this methodology we compute magnetic field increments AB;(t,7) = B;(t + 7) — B;(¢),
where the subscript numerates three magnetic field components, while the time lag 7 is
dictated by data resolution of 1s. Standard deviations o; of magnetic field increments are
computed every 4 hours, since that is around the correlation scale of turbulence at 5 AU
(Smith et al., 2001; Cuesta et al., 2022). We eventually compute the PVI index, PVI,(¢) =

>, AB?/c?] 1/2, and identify data points with PVI; > 5. Panel (f) shows that the daily
average percentage of such data points substantially varies, while its mean value of 0.5% is
four orders of magnitude larger than would be observed if the magnetic field increments had
Gaussian probability distributions. The non-Gaussian probability distributions strongly
indicate the presence of current sheets and other coherent structures (e.g., Greco et al.
(2009, 2018); Matthaeus et al. (2015); Perrone et al. (2017)). We collect current sheets by
encompassing each continuous cluster of points with PVL, > 5 by nested intervals up to one
minute in duration. If the maximum variance component computed by MVA (Sonnerup &
Scheible, 1998) reversed sign within any of the nested intervals, we attempted to manually
adjust boundaries to the left and right of the magnetic field reversal. If we could select
sufficiently wide boundaries, not shorter than the temporal half-thickness of the reversal,
with relatively stable magnetic field, the event was considered a current sheet (CS). Panel
(g) shows that the daily average occurrence rate of CSs substantially varies, while the mean
value of about 26 CSs/day is similar to the previously reported occurrence rates at 5 AU
(Tsurutani et al., 1996; Erdés & Balogh, 2008; Miao et al., 2011). About 9.4% of the CSs
were categorized as bifurcated (see below), their daily average occurrence is presented in
panel (h). The final dataset includes 16,903 CSs and the corresponding list can be found at
Vasko et al. (2024).

Multi-spacecraft observations at 1 AU showed that CSs in the solar wind can be consid-
ered locally planar structures frozen into local plasma flow (Burlaga & Ness, 1969; Horbury
et al., 2001; Knetter et al., 2004; Wang et al., 2024). These analyses demonstrated that
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the magnetic field component along the normal to a CS is typically much smaller than lo-
cal magnetic field magnitude, hardly measurable even using multiple spacecraft. The most
accurate single-spacecraft estimate of the normal is therefore delivered by the cross-product
of magnetic fields at the CS boundaries (Knetter et al., 2004; Wang et al., 2024). The
single-spacecraft methodology based on the cross-product normal and frozen-in assumption
used previously for the analysis of magnetic reconnection and CSs at 0.2 and 1 AU (Phan
et al., 2010, 2020; Mistry et al., 2017; Vasko et al., 2021; Lotekar et al., 2022; Eriksson et
al., 2022) has been recently shown to actually deliver accurate estimates of the CS thickness
and current density (Wang et al., 2024). We use this methodology for the CSs observed
aboard Ulysses at 5 AU.

Figure 2 demonstrates the application of this methodology for several CSs from our
dataset. Panels (a) and (e) present three magnetic field components in the RTN coordinate
system along with the magnetic field magnitude. Panels (b) and (f) show the same magnetic
field in the CS coordinate system xyz, where unit vector z is along the cross-product
normal, unit vector x is along &’ — z - (&’ - z) with &’ being the maximum variance vector
determined by MVA, while unit vector y completes the right-handed coordinate system.
The maximum variance vector x’ is typically almost perpendicular to the cross-product
normal and, therefore, vectors  and @’ are basically identical (not shown). The normal
magnetic field component B, is by definition zero at the boundaries, but also remains
small within the CSs. The CS central region highlighted in the panels corresponds to
|B; — (Bz)| < 0.2AB,,, where (B,) is the mean of B, values at the CS boundaries, while
AB, is the variation of that component between the boundaries. The assumption that
CSs are frozen into local plasma flow allows translating time into space and estimating the
current density corresponding to temporal magnetic field gradients: J, = (,ron)_ldBy /dt
and J, = —(uoVy) *dB,/dt, where V,, is the normal component of local ion flow velocity
that is positive due to appropriate choice of the normal, while dt = 1s is dictated by
data resolution. Panels (c) and (g) present current density components J, and J,, while
panels (d) and (h) demonstrate current density components parallel and perpendicular to
local magnetic field, J| = (J.B; + J,B,)/B and J. = (J,B, — J,By)/B, where B is
the magnetic field magnitude. The magnetic field rotation is relatively smooth across the
CS in panels (a)—(d), while occurs in two steps for the CS in panels (e)—(h). These CSs
exemplify non-bifurcated and bifurcated CSs in our dataset, whose classification was carried
out visually.

The adequacy of the visual classification was substantiated a posteriori by computing
for each CS the cross-correlation coefficient between the observed profile of J,(t) and a
model non-bifurcated profile, Jyoa(t) = (J,) sech® (t/7cg), where the brackets denote aver-
aging over the CS central region, ¢ = 0 corresponds to the middle of the CS central region,
and 7¢s is the temporal half-thickness determined by AB, /27cs = (dB,/dt). The results of
these computations (SM; Supporting Materials) showed that the cross-correlation coefficient
is below (above) 0.5 for more than 95% (90%) of the bifurcated (non-bifurcated) CSs, sub-
stantiating thereby the adequacy of the visual classification. The temporal scale determined
by AB, /27cs = (dB,/dt) does not necessarily reflect the temporal half-thickness of a bifur-
cated CS. We determined the temporal half-thickness 7cg of bifurcated CSs manually as a
half of the duration between the middles of the two steps of magnetic field rotation (Figure
2). The spatial half-thickness for both bifurcated and non-bifurcated CSs was computed
using the frozen-in assumption, A = V,, 7cs.

The non-bifurcated CS shown in Figure 2 is observed at local plasma density of 0.3
cm™3, proton and electron temperatures of 3 eV, and proton and electron betas of 3, =
Bp = 1.5. The local magnetic field magnitude is described by the mean value of magnetic
field magnitudes at the CS boundaries, (B) ~ 0.55 nT. This CS is a proton kinetic-scale
structure, since the spatial half-thickness of A ~ 220 km is around 0.5),, where A, is
local proton inertial length. The magnetic field rotates across the CS through shear angle
Af = 65°. Since the current density is dominated by the parallel component (Figure
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Figure 2. Examples of non-bifurcated (left) and bifurcated (right) current sheets. Panels (a)
and (e) show magnetic field magnitude and three magnetic field components in the RTN coordinate
system. Panels (b) and (f) present three magnetic field components in local coordinate system zyz
defined in Section 2. Panels (c¢) and (g) show current densities J, and J, estimated by assuming that
current sheets are frozen into local plasma flow: J, = (uoVy) 'dB, /dt and J, = —(uoV;) " 'dB,/dt,
where V,, is the normal component of local proton flow velocity, while dt = 1s is dictated by
data resolution. Panels (d) and (h) present current densities parallel and perpendicular to local
magnetic field, J)| = (JoBz + JyBy)/B and Ji = (JyBs — J=By)/B, where B is the magnetic
field magnitude. The bottom axes demonstrate the spatial coordinate across each CS, z = V,t
with ¢ = 0 corresponding to the middle of the CS central region. The latter are highlighted in the
panels and correspond to | By — (Bg)| < 0.2AB,, where (B) is the mean of B, values at the CS
boundaries, while AB, is their difference. The dashed gray lines in the left panels indicate the

manually determined middles of the two steps of magnetic field rotation for the bifurcated CS.

2), the current density amplitude can be represented by averaged value Jo = (J))) of the
parallel current density, and peak value Jpcax of its magnitude. The observed current density
amplitudes of Jy ~ 1.1 nA/m? and Jpeak = 1.2 nA/ m? are both close to local Alfvén current
density Ja ~ 1.1 nA/m?. Note that J4 = en.Vy, is the current density corresponding to
the drift between electrons and ions of local Alfvén speed, where n. is local plasma density,
V4 =(B) (,uonemp)_l/ % is local Alfvén speed, e and m,, are the proton charge and mass.
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The bifurcated CSs shown in Figure 2 is observed at local plasma density of about 0.5
cm ™3, proton and electron temperatures of respectively 0.6 and 1.6 eV, proton and electron
betas of . ~ 0.8 and 5, ~ 2, and local magnetic field magnitude of (B) =~ 0.5 nT. The
spatial half-thickness of the bifurcated CS is A =~ 8,400 km that is around 30\, and the
magnetic field rotates across the CS through shear angle Af = 94°. For bifurcated CSs we
characterize the current density by the peak magnitude Jpeak of the parallel current density.
The observed peak value of Jpeax = 0.2 nA/ m? is around 0.15 J4. Note that although we
presented the spatial scales of both CSs in units of local proton inertial length, similar scales
would be observed in units of thermal proton gyroradius p, = )\pﬁzl,/ 2, because proton beta
B, was close to one.

The relative variation of the magnetic field magnitude within both CSs is among the
largest in our dataset. The variation of the magnetic field magnitude between the CS
boundaries is AB = 0.2(B) for the non-bifurcated CS and AB =~ 0.4(B) for the bifurcated
CS. The corresponding maximum variation of the magnetic field magnitude, that is the
difference between its maximum and minimum values within CS, is respectively ABpax &
0.3(B) and 0.54(B). Since the magnitudes of B, values at the CS boundaries are basically
identical (Figure 2), the magnitude variation AB is due to different magnitudes of the
corresponding B, values, A(B?) ~ A(B2) that is equivalent to (B)AB ~ (B,)AB,. The
relative variation AB/(B) critically depends on parameter (B, )/AB, representing the CS
asymmetry. For both CSs presented in Figure 2 the asymmetry parameter was (B,)/AB, ~
0.15.

Even though challenging to demonstrate experimentally, it is reasonable to assume that
solar wind CSs are pressure-balanced structures that is the total of plasma thermal pressure
P and magnetic field pressure B?/2uq remains constant, 2uoP + B2 = 2j9Py = const or
210P/B? + 1 = 2ugPy/B?. The latter relation allows estimating the variation of plasma
beta between the CS boundaries, A3 = 24Py A(B~2), which will be of value for testing
one of the conditions necessary for magnetic reconnection to occur (Swisdak et al., 2003;
Swisdak et al., 2010; Phan et al., 2010). The mean of the pressure balance relation at the
CS boundaries allows excluding Py and revealing that

AB=(1+B)AB™)/(B7?), (1)

where 3 = (2uoP/B?) = (2uo(P) + (B%))(B~2) — 1 is the mean of plasma beta values at
the boundaries (Vasko et al., 2021). We estimated 8 by assuming that the plasma pressure
observed aboard Ulysses at the temporal resolution of about 6 minutes adequately reflects
the mean (P) of plasma pressure values at the boundaries. For the CSs shown in Figure 2
we found 8 ~ 3.2 and AB = 1.8 for the non-bifurcated CS, and 8 ~ 3.3 and AS = 3.4 for
the bifurcated CS.

The presented analysis was carried out for all the 16,903 collected CSs, including 15,309
non-bifurcated and 1,594 bifurcated CSs. Note that bifurcated magnetic field profile does
not necessarily imply magnetic reconnection (Gosling & Szabo, 2008; Phan et al., 2020) and
we are not able to determine the fraction of reconnecting CSs in our dataset because of the
low temporal resolution of plasma measurements. For each CS in our dataset we determined
shear angle, half-thickness, current density amplitudes, and quantities characterizing the CS
asymmetry and magnetic field magnitude variation within CS. The statistical distributions
of these parameters are presented in the next section. The half-thickness and current density
amplitudes are compared to local proton inertial length and Alfvén current density, that
is the Alfvén units typically used in turbulence simulations (e.g., Zhdankin et al. (2013);
Franci et al. (2017); Papini et al. (2019); Jain et al. (2021)). We complete this section by
pointing out that local magnetic field of solar wind CSs can be described by a universal
one-dimensional model

B = B(z)sinf(z) x + B(z) cos(z) y + B. z,

where B(z) and 6(z) determine spatial profiles of magnetic field magnitude and rotation,
while B, is equal or close to zero, B, < B. The current density components parallel and



267

268

269

(e}) non—biﬁgcated CSs N (b) bifurcated CSs

non-bifurcated-
bifurcated 1 i

2000 4000 6000 0 01 02 03 04 0 0.1 0.2 0 0.1 0.2 0.3
A [km] <B,>/AB, AB/<B> A B / <B>

Figure 3. Averaged (black) and individual (gray) magnetic field profiles of (a) non-bifurcated
and (b) bifurcated CSs. Before averaging, individual profiles were first aligned by setting z = 0
in the middle of the CS central region and normalizing the spatial coordinate to the CS half-
thickness, z — z/\. Individual profiles of B, were then normalized to By = 0.5AB, that is a half
of the difference between B, values at the CS boundaries. Individual profiles of B, and B, were
normalized to guide field By that is the mean of B, values at the CS boundaries. Individual profiles
of magnetic field magnitude B were normalized to (B) that is the mean of magnetic field magnitudes
at the CS boundaries. The error bars in panels (a) and (b) indicate standard deviations. Panels
(¢)—(f) present probability and corresponding cumulative distributions of the CS half-thickness A,
parameter (B;)/AB, quantifying the CS asymmetry, and parameters AB/(B) and ABpnax/{B)
quantifying the relative variation of the magnetic field magnitude between the CS boundaries and
within CS.

perpendicular to local magnetic field are solely determined by magnetic field rotation and
magnitude variation

Jy = (B/uo) db/dz, Ji = (/o) dB/dz @)
By the order of magnitude we have
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and use this parameter in the next section to quantify the ratio between average values of
the perpendicular and parallel current densities.

3 Statistical results
3.1 Current sheet properties and scale-invariance

We determine typical magnetic field profiles of bifurcated and non-bifurcated CSs by
averaging appropriately aligned and normalized magnetic field profiles of the collected CSs.
The individual magnetic field profiles were aligned by setting the CS center, where B, =
(Bz), at z = 0 and normalizing the spatial coordinate to the CS half-thickness, z — z/\.
For bifurcated CSs the center was set in the middle between the two steps of magnetic
field rotation, since we typically had B, = (B,) over the entire plateau in between the
steps. Each individual profile of magnetic field magnitude B and guide field component
B, was normalized to the mean of their values at the CS boundaries. The mean guide
field B, was also used to normalize the corresponding B, profile. Each profile of B,/B,
was also multiplied by its sign at the CS center, so that the averaged profile could reveal
the magnitude of B,/B, around the CS central region. The individual B, profiles were
normalized to By = AB,/2 that is a signed quantity representing the variation of B,
between the CS boundaries. Note that B, /By always varies from a negative value at the
left boundary to a positive value at the right boundary. Each profile of B, /By with a smaller
magnitude at the right boundary was reflected with respect the CS center and multiplied
by —1 to always have the smaller magnitude of B, /By at the left boundary. If the reflection
was required for a B, /By profile, it was also performed for other corresponding magnetic
field profiles. The reflection procedure was necessary to reveal the asymmetry typical of the
CSs in the averaged profiles.

Figure 3 presents the averaged magnetic field profiles along with the profiles of individ-
ual CSs. The averaged profiles in panels (a) and (b) clearly demonstrate that magnetic field
rotation occurs smoothly across non-bifurcated CSs, while in two steps across bifurcated
CSs. The averaged B, /By profiles show that both types of CSs are typically asymmetric
with the left and right boundary values of about —0.75 and 1.25, respectively. In contrast,
the guide field typically has identical boundary values according to the averaged B, /B, pro-
files and increases by about 10% toward the CS central region. The normal component is by
definition close to zero at the boundaries, while also remains small, less than about 0.15,,
within CS. The averaged profiles of B/(B) show that the boundary values of the magnetic
field magnitude differ by a few percent, which is due to statistically different magnitudes
of B, values at the boundaries, AB* = A(B2) + A(B;) ~ A(B}) that is equivalent to
(B)AB =~ (B,;)AB,. The probability and corresponding cumulative distributions in panel
(¢) demonstrate that bifurcated CSs are statistically wider than non-bifurcated CSs. The
corresponding median values of the CS half-thickness are around 700 and 2,000 km, while
the scales of both types of CSs range from a few tens to 10,000 km. The statistical distri-
butions in panels (d)—(f) demonstrate that bifurcated and non-bifurcated CSs have more
or less similar asymmetry and variations of the magnetic field magnitude. Both types of
CSs are typically asymmetric with (B,)/AB, 2 0.1 for more than 50% of the CSs. The
magnetic field magnitude does not substantially vary within the CSs, since for more than
90% of the CSs we have AB/(B) < 0.1 for the variation of the magnetic field magnitude
between the CS boundaries and ABp,ax/(B) < 0.2 for the maximum variation.

Figure 4 demonstrates that some of the CS parameters depend on local plasma beta
B. Panels (a) and (b) present probability and cumulative distributions of AB/(B) and
ABpax/(B) for 5,197 CSs observed at 8 < 1 and 4,238 CSs observed at § > 3. The
distributions demonstrate that larger variations of the magnetic field magnitude are typi-
cal at lager betas. Panel (c) presents corresponding statistical distributions of parameter
AB/(B)A# quantifying the ratio between average values of the parallel and perpendicular
current density according to Eq. (3). The distributions demonstrate that the current den-
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Figure 4. Probability and cumulative distributions of parameters AB/(B), ABmax/(B) and
AB/{B)A# for subsets of the CSs observed at different plasma betas, 8 < 1 and 8 > 3. The bottom
panels also present the cumulative distributions corresponding to all the CSs in our dataset. Note
that according to Eq.(3) parameter AB/(B)A# quantifies the ratio between average perpendicular
and parallel current densities within CS.

sity in the CSs is typically dominated by the parallel component, AB/(B)A# < 0.1 for more
than about 90% of the CSs, but the relative magnitude of the perpendicular current density
tends to be larger at larger betas. The scatter plots between local beta and the considered
CS parameters also demonstrate positive correlation (SM).

non-bifurcated CSs bifurcated CSs

10" T

(c)
proton beta

plasma beta

probability distribution

CDF

0 2 4 6 8 10 12 14 0 5 10 15 20 25
M, or Mp, M\, or Mp,

Figure 5. Panels (a) and (b) present probability and cumulative distributions of the half-
thickness of non-bifurcated and bifurcated CSs in units of local proton inertial length A, and thermal
proton gyroradius p,. Panel (c) presents probability and cumulative distributions of proton beta
and total plasma beta corresponding to the CSs in our dataset.

Figure 5 presents the half-thickness of the CSs in units of proton inertial length A, and
thermal proton gyroradius p, = )\pﬂ;/ 2 The probability and cumulative distributions in
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panels (a) and (b) show that both types of CSs are typically proton kinetic-scale structures.
For non-bifurcated CSs the median value of the half-thickness is about 1.5)\,, the corre-
sponding 5th and 95th percentiles are respectively around 0.5 and 5A,. For bifurcated CSs
the median value is around 5),, while the 5th and 95th percentiles are about 0.7 and 15\,,.
We observe similar spatial scales in units of thermal proton gyroradius, because proton beta
Bp was typically around one. Panel (c) shows that the median value of proton beta is about
0.7, while the 5th and 95th percentiles are respectively about 0.15 and 3. Note that electron
and proton betas had almost identical probability distributions (SM), while in panel (c) we
show the statistical distribution of total plasma beta, 5 = 3, + ..

Figure 6 demonstrates statistical distributions of amplitudes of the parallel current
density observed within the CSs. Panel (a) shows that the averaged and peak amplitudes,
Jo and Jpeak, have basically identical statistical distributions. The median value of both
current density amplitudes is around 0.15 nA/m?, while the 5th and 95th percentiles are
about 0.05 and 0.5 nA/m?. The statistical distributions in panel (b) demonstrate that
in units of local Alfvén current density the observed current density amplitudes have the
median value of about 0.1.J4, while the 5th and 95th percentiles are about 0.04 and 0.4.J 4.
Panel (c) shows that independent of the type of CSs, the peak current density Jpeax is
strongly correlated with local Alfvén current density J4, which varies in our dataset from
0.1 to 10 nA/m?. Similar strong correlation is observed between Jy and J4 (not shown).
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Figure 6. Panel (a) presents probability and cumulative distributions of the peak value Jpeax
of the parallel current density within CS and the current density amplitude Jy averaged over the
CS central region. Note that the averaged amplitude Jo was computed only for non-bifurcated
CSs, while Jpeax was computed for both types of CSs. Panel (b) shows probability and cumulative
distributions of the current density amplitudes normalized to local Alfvén current density Ja.
Panel (c) demonstrates a scatter plot between current density amplitude Jpeak and local Alfvén
current density Ja for bifurcated (green) and non-bifurcated (blue) CSs. The red line in panel (c)

corresponds to equality of the two quantities.

Figure 7 shows that to some extent the CSs exhibit scale-invariance that is several of
the CS parameters depend on their spatial scale in a power law fashion. The scatter plots in
panels (a)—(c) demonstrate that the shear angle as well as the normalized magnetic field and
current density amplitudes are correlated with the CS half-thickness normalized to proton
inertial length. The correlation can be quantified by fitting scattered data to a power law
as well as binning the data as shown in panel (d) and computing the median value of a
considered CS parameter within each bin. We also computed the 15th and 85th percentiles
within each bin to demonstrate, where 70% of the CSs resides. The median profiles in panels
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Figure 7. Scatter plots of normalized half-thickness A\/\, versus (a) magnetic shear angle Af,
(b) normalized magnetic field amplitude AB, /(B) and (c) normalized current density Jo/Ja. These
scatter plots were produced for non-bifurcated CSs, since the averaged value Jy only reflects the
current density amplitude of non-bifurcated CSs. The non-bifurcated CSs were sorted into bins
corresponding to different values of the normalized half-thickness and median values of the quantities
shown in panels (a)—(c) were computed within each bin. The number of CSs within each bin is
shown in panel (d). Panels (a)—(c) present the median profiles (green curves) along with error bars
indicating the 15th and 85th percentiles within each bin. The panels also present the best power

law fits of the scattered data (red curves) along with the best fit parameters.
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(a)—(c) demonstrate that shear angle Af and magnetic field amplitude AB, /(B) tend to
increase with increasing spatial scale, while, in contrast, current density amplitude Jy/J4

increases with decreasing spatial scale. The same trends are revealed by the best power law
fits

A 2~ 16.6°(A\/N)"*, AB,/(B) = 0.29 (\/A\p)"*,  Jo/Ja = 0.14 (\/A,) %0 (4)

Note that the scale-dependencies of Af and AB,/(B) are basically equivalent, because in
the case of CSs with moderate asymmetry and relatively constant magnetic field magnitude
(Figure 3) we have AB, &~ 2(B)sin(Af/2) that is approximately equivalent to AB, /(B) =~
Af. The scale-dependence of the current density amplitude could be also deduced from the
scale-dependence of the shear angle, because according to Eq. (2) we have Jo ~ (B)A60/2pu\
that is equivalent to Jo/Ja ~ A6 (2A\/A,)"!. In the next section we match the scale-
dependence of the shear angle against the scale-dependence of all magnetic field rotations
in ambient solar wind.

3.2 Current sheets versus turbulence properties

We quantify the properties of all magnetic field fluctuations in ambient solar wind by
computing at each moment of time the angle o, between magnetic field vectors separated
by time lag 7

()

ar () = cos™! [B(HT)'M)]

B(t + 7)B(t)

At each moment of time we also compute parameter Y, characterizing the compressibility
of magnetic field fluctuations

B(t+7) - B()]
(B)~ ’

where (B), = (B(t+7)+B(t))/2. Note that x. € [0, 1] with x, = 0 corresponding to purely
incompressible fluctuations (magnetic field rotations), and x, = 1 corresponding to purely
compressible fluctuations (magnitude variations of a unidirectional magnetic field). The
statistical properties of parameters . and x, were previously addressed for magnetic field
fluctuations at 1 AU (Zhdankin et al., 2012; Chen et al., 2015). In this section not only do
we present similar analysis of magnetic field fluctuations observed aboard Ulysses over the
641 days, but also match statistical properties of parameters a,; and y, against equivalent
CS parameters. The latter include shear angle Af and parameter X?}S computed using Eq.
(6) for magnetic fields at the CS boundaries. Parameter x2g characterizes the magnetic field
compressibility between CS boundaries and can be expressed through previously introduced
quantities

_ 0b, — 2sin(a;/2)

8by =
3b, ’

X+ (1) (6)

(1421 _ ABcos(A§/2)
XEs = g S SR a0 "

Since typically ¢ ~ AB/(B)Af and ¢ < 1 (Figure 4), we have x2g ~ 0.5(AB/(B)Af)?
that is also equivalent to xPg ~ 0.5(JL/JH)2 according to Eq. (3). We also apply Eq.
(6) to compute parameter x3&™ for magnetic fields By, and Byax corresponding to the
minimum and maximum magnetic field magnitudes within CS. This parameter is a measure
of the maximum compressibility within CS and can be expressed through Eq. (7) with
appropriate replacements, AB — ABax, (B) — (Bmin + Bmax)/2 and A0 — cos™ (B -

Bmax/BmianaX)~

Figure 8 presents statistical properties of magnetic field rotation angles «, for a broad
range of time lags, 7 = 1-300s. Probability density functions (PDFs) of a.; shown in panel
(a) demonstrate that smaller rotation angles are typical at smaller time lags. For each time
lag 7 we computed the mean rotation angle (o) and PDFs of ., /() shown in panel (b).
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Figure 8. The analysis of magnetic field rotation angles across all magnetic field fluctuations
observed over the considered 641 days: (a) probability density functions of magnetic field rotation
angles a, at temporal scale T that was varied between 1 and 300s (Eq. (5)); (b) probability density
functions of a; normalized to mean rotation angle (a,) at scale 7; (c) the mean rotation angle
(a-) versus 7 along with the best power law fit (green). Panel (¢) also presents the mean shear
angle (A#) versus CS temporal scale, obtained by binning the CSs by temporal half-thickness 7cg
as shown in panel (d). The red line shows the best power law fit to the observed trend of larger

(AB) for larger 7cs.

The latter PDFs practically collapsed to a universal distribution, indicating thereby that
magnetic field fluctuations of different temporal scales observed aboard Ulysses are to some
extent self-similar. Similar self-similarity was previously reported for magnetic field rotations
at 1 AU (Zhdankin et al., 2012; Chen et al., 2015). In panel (c) we match the properties of
rotation angles across the CSs and all the magnetic field fluctuations. Panel (¢) demonstrates
that the mean rotation angle (c,) scales with the time lag, (o) ~ 1.3°7%-35 though a slight
deviation off that scaling is observed at 7 = 1s. We computed the mean shear angle (Af)
for CSs of different temporal scales by binning the CSs according to their temporal half-
thickness 7¢g, which varies from about 1 to 60s according to panel (d). The best power
law fit to the trend revealed by the bin-averaging, (Af) ~ 13.4°723% ~ 10.3° (27cs)"?8, is
practically identical to the scaling followed by all the magnetic field rotations in the solar
wind, except that the mean shear angle is much larger, because CSs are the largest magnetic
field rotations at any given scale. Note that the scaling relation involving 27¢g reflects that
A0 is the angle between magnetic fields at the CS boundaries separated by roughly 27¢s.

Figure 9 matches the magnetic field compressibility within the CSs against all magnetic
field fluctuations in ambient solar wind. Panel (a) presents PDFs of ., computed for 7 = 1-
300s, while corresponding cumulative distributions are shown in panel (b). The magnetic
field fluctuations at smaller temporal scales tend to have higher compressibility that is larger
relative variations of the magnetic field magnitude. The higher compressibility at smaller
scales was previously reported for magnetic field fluctuations at 1 AU (Hamilton et al.,
2008; Podesta, 2009; Chen et al., 2015). Panels (c) and (d) present PDFs and cumulative
distributions of parameters X'és and x&&*. Since the CSs have temporal half-thickness 7cg
from about 1 to 60s, we also duplicate in panels (c) and (d) the statistical distributions of x
for 7 = 1 and 60s. The compressibility between the CS boundaries quantified by parameter
X2 is much smaller than typical compressibility of ambient magnetic field fluctuations at
comparable temporal scales. In quite a contrast, the maximum compressibility within CS
quantified by parameter x¢&* is practically identical to that of the ambient fluctuations.
Panel (e) presents mean value () versus 7 as well as mean values of X%s and x&§* computed
by binning the CSs by their temporal half-thickness 7cg as shown in panel (f). All the mean
values of compressibility increase toward smaller scales and we also observe (x2g) < (X-)
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Figure 9. The analysis of compressibility of all magnetic field fluctuations observed over the
considered 641 days. The compressibility of fluctuations at temporal scale 7 is quantified by pa-
rameter xr € [0,1] defined by Eq. (6) with x» = 0 and x» = 1 corresponding respectively to
purely incompressible (magnetic field rotations) and compressible (magnitude variations of a unidi-
rectional magnetic field) fluctuations. Panels (a) and (b) present probability density functions and
corresponding cumulative distributions of parameter x, at temporal scales 7 between 1 and 300s.

Panels (c¢) and (d) duplicate the latter distributions for 7 = 1 and 60s along with distributions

max

of parameters yRg and x83* quantifying magnetic field compressibility within the CSs (Eq. (7)).
Panel (e) presents mean compressibility (x,) versus 7 along with mean values (xRg) and (x&53*) of
magnetic field compressibility observed within CSs of different scales, obtained by binning the CSs

by their temporal half-thickness 7cs as shown in panel (f).

and (x2g) < (x&3%). Note that (xRg) is around 1073, which is consistent with the fact
that xR ~ 0.5(AB/(B)A6)? and typical values of AB/(B)Af# (Figure 4). Thus, the
maximum compressibility within the CSs is basically identical to that of ambient magnetic
field fluctuations at comparable temporal scales, while the compressibility computed between
the CS boundaries is about two orders of magnitudes lower.

3.3 Current sheets and magnetic reconnection

The collected CSs have the typical temporal scale from about 1 to 60s. In turn, the tem-
poral resolution of plasma measurements aboard Ulysses is only around 6 minutes, which im-
plies magnetic reconnecting cannot be identified by resolving plasma jets potentially present
within the CSs. We can however test one of the theoretical conditions necessary for mag-
netic reconnection to occur. Swisdak et al. (2010) showed that magnetic reconnection is
suppressed in the case of a sufficiently high CS asymmetry, A5 2 2(L/\,) tan(A68/2), where
Ap is the plasma beta variation between the CS boundaries, Af is the shear angle, while
parameter L/), is of the order of one and represents the typical scale of plasma pressure
gradient across X-line.

Figure 10 presents the test of this condition for both bifurcated and non-bifurcated CSs
with the plasma beta variation AS estimated by Eq. (1). Panels (a) and (b) show that
independent of the type, most of the CSs are in the parameter range, where reconnection
cannot be suppressed due to the asymmetry. For both types of CSs we have only about 11%
and 5% of the CSs with AS 2 2(L/),) tan(A6/2) for L/, =1 and L/, = 2, respectively.
Panel (c) matches AS against 2(\/A,) tan(A6/2), testing thereby the same condition with
parameter L equal to the observed CS half-thickness A. We have only about 7% of the
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Figure 10. Testing of the suppression condition of magnetic reconnection through the diamag-
netic drift of X-line (Section 3.3). Magnetic reconnection is suppressed, when the difference AS of
plasma betas at the CS boundaries is sufficiently large, A 2 2(L/A,)tan(A8/2), where L/X, is of
the order of one. Panels (a) and (b) present the test of the suppression condition with L/\, = 1
and 2 for bifurcated and non-bifurcated CSs, while panel (c) presents the test of this condition with
L=\

CSs with AB 2 2(A\/A,) tan(A6/2). This analysis demonstrates that for most of the CSs
magnetic reconnection cannot be suppressed by the asymmetry and is, in principle, allowed
if not suppressed by other processes.

4 Discussion

Solar wind CSs were observed at 0.3-8 AU and 20 AU aboard early spacecraft missions
(Burlaga, 1969; Mariani et al., 1973; Burlaga et al., 1977; Tsurutani & Smith, 1979; Lepping
& Behannon, 1986; Soding et al., 2001). The selection procedures implemented in the early
studies were based on magnetic field data of relatively low temporal resolution and were
naturally biased toward large scale CSs. The high-resolution magnetic field measurements
aboard modern spacecraft missions demonstrated that CSs are much more abundant and
statistically thinner than reported early on (Vasquez et al., 2007; Perri et al., 2012; Podesta,
2017; Artemyev, Angelopoulos, & Vasko, 2019; Vasko et al., 2021, 2022; Lotekar et al., 2022;
Wang et al., 2023). The CSs were also shown to substantially contribute into magnetic field
spectra of solar wind turbulence (Borovsky & Podesta, 2015; Borovsky & Burkholder, 2020)
and potentially cause plasma heating (Osman et al., 2012; Wu et al., 2013; Qudsi et al.,
2020; Sioulas et al., 2022). There are several comprehensive analyses of solar wind CSs at
0.2 and 1 AU, but only few analyses of similar structures at the distances well beyond 1 AU.
The results of previous studies of CSs at 5 AU are highly valuable (Tsurutani et al., 1996;
Erdés & Balogh, 2008; Miao et al., 2011), but insufficient for matching against the recent
results reported at 0.2 and 1 AU (Vasko et al., 2021, 2022; Lotekar et al., 2022).

We presented the analysis of 16,903 CSs collected over 641 days of Ulysses observations
at 5 AU near the ecliptic plane and close to solar minimum. The revealed occurrence rate
of 26 CSs/day is close to occurrence rates of 15-25 CSs/day observed previously aboard
Ulysses at 5 AU (Tsurutani et al., 1996; Erdés & Balogh, 2008; Miao et al., 2011). The CSs
in our dataset have temporal half-thickness 7cg between about 1 and 60s, which is similar
to temporal scales reported by Miao et al. (2011) and Tsurutani et al. (1996). Note that our
dataset contains small scale CSs not captured by Erdés and Balogh (2008), whose dataset
included CSs with scales larger than 1,000 km, probably because CSs were selected using
magnetic field data downsampled to 10s. The averaged profiles in Figure 3 demonstrate
that the magnetic field rotates across CS, while remains almost constant in magnitude in
accordance with previous observations (Tsurutani & Smith, 1979; Tsurutani et al., 1996).
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The averaged profiles reveal that the CSs are statistically asymmetric with a few percent dif-
ference in the magnetic field magnitude at the CS boundaries, mostly due to the asymmetry
of the maximum variance component. About 9.4% of the CSs were classified as bifurcated:
magnetic field rotation is relatively smooth across non-bifurcated CSs, while occurs in two
steps across bifurcated CSs. Both types of CSs have almost identical statistical distributions
of the CS asymmetry and relative variations of the magnetic field magnitude, but bifurcated
CSs tend to have larger scales. The 5th and 95th percentiles of the CS half-thickness are
about 200 and 2,000 km for non-bifurcated CSs, while the corresponding quantifies for bi-
furcated CSs are about 500 and 5,000 km (Figure 3). The current density in the CSs is
typically 0.05-0.5 nA/m? and dominated by the component parallel to local magnetic field
(Figures 4 and 6). The average perpendicular current density is typically less than 10% of
the total current density, but along with magnetic field magnitude variations tends to be
larger for CSs observed at larger plasma beta (Figure 4).

The CSs are predominantly proton kinetic-scale structures with spatial scales of the
order of local proton inertial length. The 5th and 95th percentiles of the CS half-thickness
are about 0.5 and 5\, for non-bifurcated CSs and about 0.7 and 15\, for bifurcated CSs.
Note that the CSs have similar scales in units of thermal proton gyroradius p, = A, ;/ 2,
because proton beta 5, was around one (Figure 5). The parallel current density amplitude
in the CSs is strongly correlated with local Alfvén current density J4 = en.V4 and typically
resides between about 0.04 and 0.4J4 with the median value of about 0.1J4. The electron-
ion drift velocity corresponding to the observed current density amplitudes is then typically
between 0.04 and 0.4 of local Alfvén speed V4 or local ion-acoustic speed cra, because
electron beta S, is around one (Figure 1) and we have c;p = Va(B./2)"/? ~ V4. Since
electron to ion temperature ratio is also around one (Figure 1), the estimated electron-ion
drift velocities are well below the threshold of the ion-acoustic instability (e.g., Boldyrev et
al. (2015)). We expect therefore the CSs observed at 5 AU to be stable to the ion-acoustic
instability.

The CSs exhibit a sort of scale-invariance in that several properties are correlated with
the half-thickness in approximately a power law fashion (Figure 7 and Eq. (4)). We discuss
only the scale-invariance of the shear angle Af ~ 16.6°(\/),)?34, since the observed scale-
invariance of normalized magnetic field and current density amplitudes can be deduced
by noticing that AB,/(B) =~ 2sin(A0/2) ~ A0 and Jo/Ja =~ AO(2A/A,)'. The scale-
invariance of the shear angle is practically consistent with the scaling of the mean shear
angle with the temporal half-thickness, (Af) ~ 13.4°733% ~ 10.3°(27¢s)?3® (Figure 8c)
that is certainly not surprising, since according to the Taylor hypothesis we have A\ =
VaTcs. Note that a positive correlation between Af and 7cg was previously pointed out,
but not quantified, by Miao et al. (2011). The revealed scale-invariance indicates that the
CSs are highly-likely produced by turbulence cascade (Boldyrev, 2005; Vasko et al., 2022).
This hypothesis was further supported by matching the magnetic field rotation angle and
compressibility in the CSs against equivalent properties of all the magnetic field fluctuations
observed over the considered 641 days. The magnetic field rotation angles . on different
temporal scales 7 were shown to be approximately self-similar, because the PDFs of a.
practically collapsed to a universal distribution once at every scale 7 we normalized angles
a, to corresponding mean value (o) (Figure 8a,b). Similar self-similarity was reported for
magnetic field rotations (Zhdankin et al., 2012; Chen et al., 2015) and increments (Kiyani
et al., 2009; Alberti et al., 2020; Chhiber et al., 2021) at 1 AU and near the Sun, and is
considered a strong evidence for turbulence cascade development (e.g., Bruno and Carbone
(2013)). The fact that the scaling of the mean rotation angle with temporal scale, (a;) ~
1.3°7935 is similar to the scaling revealed for the CSs strongly indicates that the CSs
are produced by turbulence. We also demonstrated that magnetic field compressibility
within the CSs is practically identical with that of ambient magnetic field fluctuations at
comparable temporal scales (Figure 9). Note that the magnetic field compressibility tends
to be larger for smaller scale CSs (Figure 9¢) and at larger betas (Figure 4). The CSs are
therefore following the trends well established for solar wind turbulence at 1 AU in that

—18—



531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

the compressibility increases toward smaller scales and at larger plasma betas (Smith et
al., 2006; Hamilton et al., 2008; Podesta, 2009; Chen, 2016). We may speculate therefore
that the compressibility observed within the CSs is inherited from ambient turbulence. In
quite a contrast, the compressibility computed between the CS boundaries and quantified
by x2g ~ 0.5(AB/({B)A#f)? is statistically much lower than observed in ambient solar wind
(Figure 9). In other words, the ratio between average perpendicular and parallel current
densities .J1 /.J)| = AB/(B)Af is typically much smaller within the CSs than in ambient
solar wind at comparable temporal scales.

The relatively low temporal resolution of plasma measurements aboard Ulysses did
not allow us to estimate the fraction of reconnecting CSs in our dataset. Note that a
bifurcated magnetic field profile does not necessarily imply magnetic reconnection and vice
versa magnetic reconnection does not always imply a bifurcated profile (Gosling & Szabo,
2008; Phan et al., 2020). The previous observations at 1 AU and near the Sun showed that
the occurrence of magnetic reconnection is about a few percent (Gosling, 2012; Osman et al.,
2014; Eriksson et al., 2022; Fargette et al., 2023). If similar occurrence is typical at 5 AU,
there should be a few hundred reconnecting CSs in our dataset. While the factors controlling
magnetic reconnection in the solar wind are still not entirely established, here we considered
whether magnetic reconnection can be suppressed through the diamagnetic drift of X-line
resulting from different values of plasma beta at the CS boundaries (Swisdak et al., 2003;
Swisdak et al., 2010). Note that this mechanism was previously shown to control magnetic
reconnection at the Earth’s magnetopause (Phan et al., 2013) and highly likely at the
Saturn’s magnetopause (Masters et al., 2012). We showed that the difference AS between
plasma betas at the CS boundaries is typically too low to suppresses magnetic reconnection.
Only 5-11% of the CSs have AS sufficiently high to suppress magnetic reconnection, while
for most of the CSs magnetic reconnection is, in principle, allowed (Figure 10). This does
not imply however that magnetic reconnection will always occur, since most likely it will
be suppressed by other processes like the shear of plasma flow velocity (Doss et al., 2015;
Phan et al., 2020) or relatively slow reconnection rate compared to turbulence nonlinear
time (e.g., Zhdankin et al. (2013); Boldyrev and Loureiro (2020)).

We collected CSs using the PVI methodology (Greco et al., 2008, 2018), but used only
the PVI index corresponding to the smallest time increment dictated by data resolution
and applied the PVI threshold of 5. This methodology is identical to that used previously
at 0.2 and 1 AU (Vasko et al., 2021, 2022; Lotekar et al., 2022). The use of PVI indexes
corresponding to larger time increments would not substantially expand our dataset, because
high PVI events of different temporal scales are typically nested into each other (Greco et
al., 2016) and the 1 min window around points with PVI> 5 in our selection procedure
allows identifying coherent structures with up to ~1 min scales. Our dataset could be
expanded however by lowering the PVI threshold and identifying CSs with smaller current
density and, hence, larger scales, since Jy ox A~956 (Figure 7). Even though our dataset is
biased toward smaller scale CSs, we believe most of CSs present at 5 AU has been captured,
because the revealed occurrence rate is consistent with previous reports at 5 AU, where
different selection procedures were implemented (Tsurutani et al., 1996; Erdés & Balogh,
2008; Miao et al., 2011). Before conclusion we point out that our analysis was solely devoted
to CSs, while other coherent structures, not least important for solar wind dynamics, such
as flux ropes and Alfvén vortexes (Roberts et al., 2016; Perrone et al., 2017; Zhao et al.,
2021) were excluded by requiring magnetic field profiles typical of CSs.

5 Conclusion

We presented a statistical analysis of 16,903 CSs observed over 641 days aboard Ulysses
spacecraft at 5 AU, close to the ecliptic plane and around solar minimum. The results of
this study can be summarized as follows.
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1. The CSs are essentially magnetic field rotations, with relatively small variations of
the magnetic field magnitude and predominantly parallel (magnetic field-aligned) cur-
rent density. For more than 90% of the CSs we have AB/(B) < 0.1 for the relative
magnetic field magnitude variation between the CS boundaries, ABp.x/(B) < 0.2
for the maximum relative variation within CS, and AB/(B)A# < 0.1 for the ratio
between average perpendicular and parallel current densities (Eq. (3)). The relative
magnetic field magnitude variations and perpendicular current density tend to be
larger at higher plasma beta.

2. The CSs are typically asymmetric with statistically different magnitudes of the max-
imum variance component B,, which reverses sign across CS, at the CS boundaries.
For more than 50% of the CSs we have (B;)/AB, 2 0.1, where (B,) is the mean of
B, values at the CS boundaries, while AB,, is their difference.

3. About 9.4% of the CSs were classified as bifurcated. Both types of CSs have basically
identical statistical distributions of the CS asymmetry and relative variations of the
magnetic field magnitude.

4. The CSs are proton kinetic-scale structures. For non-bifurcated CSs the 5th and 95th
percentiles of the half-thickness are respectively about 200 and 2,000 km or 0.5 and
5A, in units of local proton inertial length. Similar quantities for bifurcated CSs are
about 500 and 5,000 km or 0.7 and 15A,,.

5. The current density observed in the CSs is strongly correlated with local Alfvén cur-
rent density. The 5th and 95th percentiles of the current density amplitude are about
0.05 and 0.5 nA/m? or 0.04 and 0.4.J4 in units of local Alfvén current density. The
electron-ion drift velocity within the CSs is well below the ion-acoustic instability
threshold.

6. The CSs exhibit a sort of scale-invariance (Figures 7 and 8). The shear angle
scales with spatial and temporal half-thickness: Af ~ 16.6°(\/),)?3* and (Af) ~
13.4078'538 ~ 10.3°(27¢s)"38, where in our dataset 7cg is predominantly between 1
and 60s.

7. The magnetic field rotation and compressibility within the CSs are quite similar
to those typical of ambient magnetic field fluctuations (Figures 8 and 9). The
scaling {a,) ~ 1.3°7%3% of the mean rotation angle (o) at temporal scale T ob-
served for all magnetic field rotations in the solar wind is quite similar to the scaling
(AB) ~ 10.3°(27¢s)%?® revealed for the CSs.

8. For most of the CSs the asymmetry of plasma beta between the CS boundaries is
insufficient to suppress magnetic reconnection through the diamagnetic drift of X-
line. Even though typically allowed by this condition, magnetic reconnection can be
suppressed or controlled by other mechanisms not considered in this study.

In conclusion, the CSs observed at 5 AU are typically magnetic field rotations on proton
kinetic scales. There are strong indications that these structures are produced by turbulence,
inheriting scale-invariance and compressibility. The observed asymmetry in plasma beta is
insufficient to suppress magnetic reconnection in the CSs, but other processes not considered
here may suppress or control it. The presented results will be of value of future comparative
analyses of current sheets observed at different radial distances from the Sun.

—20—



631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

662

663

664

665

666

668

669

670

671

672

673

674

675

676

677

678

679

680

Data Availability Statement

The list of all current sheets considered in this paper is available at Vasko et al. (2024).
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