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Abstract: The study aims to understand the role of solar wind current sheets (CSs) in shaping the
spectrum of turbulent fluctuations and driving dissipation processes in space plasma. Local non-
adiabatic heating and acceleration of charged particles in the solar wind is one of the most intriguing
challenges in space physics. Leading theories attribute these effects to turbulent heating, often
associated with magnetic reconnection at small-scale coherent structures in the solar wind, such as
CSs and flux ropes. We identify CSs observed at 1 AU in different types of the solar wind around and
within an interplanetary coronal mass ejection (ICME) and analyze the corresponding characteristics
of the turbulent cascade. It is found that the spectra of fluctuations of the interplanetary magnetic
field may be reshaped due to the CS impact potentially leading to local disruptions in energy transfer
along the cascade of turbulent fluctuations. Case studies of the spectra behavior at the peak of the CS
number show their steepening at MHD scales, flattening at kinetic scales, and merging of the spectra
into a single form, with the break almost disappearing. In the broader vicinity of the CS number
peak, the behavior of spectral parameters changes sharply, but not always following the same pattern.
The statistical analysis shows a clear correlation between the break frequency and the CS number.
These results are consistent with the picture of turbulent reconnection at CSs. The CS occurrence is
found to be statistically linked with the increased temperature. In the ICME sheath, there are two CS
populations observed in the hottest and coldest plasma.

Keywords: solar wind; current sheets; turbulence; plasma heating

1. Introduction

One of the central unresolved issues in space physics is the unexpected solar wind
heating, as observed through in situ measurements from various spacecraft. The radial
evolution of solar wind temperature deviates from theoretical predictions, indicating the
presence of an additional heating source within the heliospheric plasma, beyond the solar
corona (e.g., [1–4]). For instance, Kislov et al. [3] have demonstrated that the solar wind
temperature measured by the Voyager spacecraft remains nearly constant from 2 AU to
10 AU, decreasing with heliocentric distance in a manner inconsistent with both adiabatic
and isothermal processes.

A widely accepted explanation for this phenomenon is the concept of plasma heating
through turbulent dissipation (e.g., [5–8]). For example, Adhikari et al. [9] show that the
observed radial profile of the solar wind temperature can be determined by peculiarities of
the turbulence development at different heliocentric distances. The link between turbulence
and temperature is often attributed to heating via waves (see [10–12] and references therein)
or by current sheets and discontinuities (e.g., [13,14]).
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Current sheets in the solar wind are thin magneto-plasma structures carrying the
electric current formed where the local magnetic field undergoes significant directional
changes, sometimes even reversing completely. This suggests the presence of a so-called
zero magnetic field surface at the center of each current sheet. Current sheets generated
by solar wind turbulence are typically small-scale and short-lived, whereas long-lived,
large-scale current sheets are formed at the boundaries of high-speed streams and flows,
as well as represent extensions of large-scale neutral lines of the solar magnetic field
(see [15–18]). These discontinuities play a crucial role in solar wind dynamics by inducing
instabilities and altering the magnetic field geometry. A substantial body of research in
heliospheric physics has focused on dynamical processes in current sheets (e.g., [19–25]),
with discussions increasingly emphasizing their role in the turbulent cascade of the solar
wind and the terrestrial magnetosheath (e.g., [26–29]). Many researchers recognize a strong
link between current sheets, waves, and turbulence (e.g., [14,28,30–34]). This connection is
logical, as a higher number of current sheets leads to an increased turbulence level since
current sheets in the solar wind experience magnetic reconnection.

Reconnecting current sheets may contribute to plasma heating, particle acceleration,
and the generation of waves and secondary coherent structures in their vicinity since
current sheets are known to be sites where magnetic reconnection occurs, converting
magnetic energy into the kinetic energy of charged particles. This process is considered
as a key mechanism for heating and accelerating particles in the solar corona [35] and can
similarly be applied to the solar wind [17,21,22]. Ongoing magnetic reconnection increases
the turbulence level in the solar wind, which should be evident in the magnetic field spectra.
Indeed, it has been proven that the presence of current sheets determines the shape of the
magnetic field variation power spectrum in the solar wind and terrestrial magnetosheath
(see [26,27,36–38]). This indicates that current sheets are linked to turbulence, and, in
turn, turbulence is associated with plasma heating in the heliosphere on both small and
large scales.

Khabarova et al. [39] confirms this point by finding that the daily rate of current sheets
at 1 AU, which dynamically varies from hundreds to thousands per day, is proportional
to the sum of kinetic and thermal energy density R~V2(N + 5N′) + 10T(N + N′), where T
is the solar wind temperature, V is the solar wind speed, N is the solar wind density, and
N′ = 2 cm−3 is the background level of N. The correlation between R and T is stronger than
that between R and V, which illustrates the link between the occurrence of current sheets in
the solar wind plasma and heating.

Over the past few decades, significant progress has been made in understanding
the characteristics of turbulent fluctuations in the solar wind, aided by advancements in
experimental techniques that enable increasingly precise measurements of the interplan-
etary magnetic field (IMF) and solar wind plasma parameters, coupled with enhanced
big data processing capabilities. The growing volume of experimental data has facilitated
detailed investigations into the turbulent fluctuation spectra at ion-kinetic scales for both
IMF fluctuations and solar wind plasma parameters (e.g., [40–44]). Additionally, some
works show an analysis of the IMF fluctuation spectra at electron scales [45–48].

It has been believed for a long time that the solar wind exhibits developed turbulence,
as suggested in several theoretical models [49]. Recently, Telloni et al. [50] employed Parker
Solar Probe and Solar Orbiter observations to show that closer to the Sun (at ~0.1 AU),
turbulence is observed in the undeveloped state, while it becomes developed with increas-
ing heliocentric distance. Meanwhile, this conclusion requires thorough studies, since the
degree of development of turbulence strongly depends on the solar wind type [51–53]. The
results of some works indicate that at MHD scales, the solar wind spectrum has a slope
of approximately −5/3 (e.g., [40,41]), corresponding to Kolmogorov turbulence, which
has been shown to be applicable to magnetohydrodynamic flows as well [54]. At kinetic
scales, there is sometimes alignment with the theory of kinetic Alfvén wave turbulence,
which predicts a spectral slope of −7/3 [55]. However, more often, spectra with a slope of
~−2.8 are observed [40], which are closer to predictions from models accounting for the
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contribution of two-dimensional coherent structures with a slope of ~−8/3 [56] or those
considering Landau damping [57].

Results of recent studies indicate that solar wind turbulence cannot be considered
fully developed, as its evolution is fundamentally constrained by various discontinuities
frequently observed in the solar wind, such as shock waves, current sheets, and pressure-
balanced structures [52,53,58,59]. Consequently, the spectra of turbulent fluctuations in
the solar wind often diverge from those predicted by theoretical models. It has also been
shown that the fluctuation spectra exhibit significantly steeper slopes at kinetic scales
compared to theoretical predictions in regions of compressed and turbulent plasma, such as
those formed downstream of interplanetary shocks driven by interplanetary coronal mass
ejections (ICMEs) and in stream- or co-rotating interaction regions (SIRs/CIRs) representing
the edges of high-speed streams from coronal holes [60]. This discrepancy may reflect an
imbalance in energy transfer across the spectrum, leading to increased dissipation rates
and, consequently, heating in these regions.

It should be noted that analyzing the characteristics of fluctuation spectra does not
fully answer the question on which structures are primarily responsible for dissipation in
each individual case. Taking into account that Khabarova et al. [39] showed that peaks
in the number of current sheets per day coincide with the detection of ICME sheaths
and SIRs/CIRs at 1 AU, one may suggest that current sheets significantly contribute to
dissipation processes in the solar wind, leading to plasma heating, and play a key role in
forming the cascade, particularly in the compressed and turbulent plasma, which cannot
be said about other types of solar wind.

Most studies on solar wind current sheets have been limited to individual cases
or modeling efforts, largely due to the lack of a sufficiently large database suitable for
a statistical analysis. To fill this gap, Khabarova et al. [18,39] developed an automated
method for identifying current sheets based on the typical behavior of the IMF and plasma
parameters at these discontinuities. This led to the creation of the world’s largest database
of current sheets at 1 AU, containing millions of identified current sheets (https://csdb.
izmiran.ru/, accessed on 1 November 2024).

In this work, we identify current sheets over an extended time period associated with
different solar wind conditions, both within and outside an ICME at Earth’s orbit, employ-
ing the method proposed by Khabarova et al. [39]. We analyze turbulence characteristics in
the solar wind plasma with varying speeds, comparing the number of current sheets with
the properties of the turbulent cascade associated with different states of the solar wind.
This approach allows us to explore whether the properties of IMF turbulent fluctuations
are linked to current sheets and help to better understand the role of current sheets in the
anomalous dissipation observed in certain types of solar wind flows.

2. Materials and Methods

We analyze the properties of solar wind plasma and the IMF using an ICME and
the surrounding undisturbed solar wind as a set of samples. Figure 1a illustrates the
plasma conditions both within and outside the typical ICME in interplanetary space. From
left to right, the evolution of the ICME as it propagates through interplanetary space
is depicted. The process begins with the formation of a supersonic and super-Alfvénic
ICME-driven forward shock followed by a wake, commonly known as the ICME sheath.
Closer to the Sun, the magnetic cloud exhibits a regular structure of magnetic field lines
wound around a large-scale flux rope. As the ICME moves further into the solar wind, its
parts become increasingly turbulent and intermittent, and the magnetic cloud undergoes
internal magnetic reconnection, leading to the formation of more complex twisted flux
rope structures. This process is often intensified by the interaction of the ICME with other
flows, streams, and large-scale structures in the surrounding solar wind (see [17]). The
final sketch on the right represents the state of the ICME as it is typically observed at 1 AU,
characterized by significantly entangled flux ropes in a fragmented magnetic cloud, with
several strong current sheets inside the ICME sheath.

https://csdb.izmiran.ru/
https://csdb.izmiran.ru/
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several distinct parts, each with unique characteristics. In our study, we deliberately select 
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Figure 1. Propagation of ICME in interplanetary space. (a) Structure of ICME on its way from the
Sun to the Earth, adapted from Khabarova et al. [17]. (b) Evolution of two merged ICMEs detected at
the Earth’s orbit on 22–23 April 2012 as reconstructed with interplanetary scintillation measurements.

The link between solar wind compression and heating has been recognized since
Elliott et al. [61] first identified this effect in ICMEs. Over the past two decades, it has
become evident that the ICME sheath region, located downstream of the interplanetary
forward shock, is not only compressed but also turbulent and populated with small-scale
coherent structures, such as current sheets and flux ropes—often referred to as magnetic
islands in single-point spacecraft measurements [62–65]. Particle heating and acceleration
in this region are attributed to processes related to magnetic reconnection at current sheets
and the merging (coalescence) of magnetic islands within the compressed plasma region.
Additionally, further heating and localized particle acceleration can occur within the
fragmented magnetic cloud (e.g., [23]), although the heating rate in the ICME sheath
consistently remains higher. Merging of two ICMEs on their way from the Sun significantly
enhances the processes and creates a wide and complex ICME sheath with clear signatures
of heating presumably associated with enhanced magnetic reconnection (e.g., [64,66]).

The solar wind is not a uniform plasma flowing at different speeds, but rather a
collection of distinct flows and streams originating from various regions of the Sun, each
with its own properties. These streams generally do not mix, meaning the solar wind can
be treated as a composite of different plasmas, which is very useful for the analysis of
various dynamic processes developing under different conditions. Every ICME contains
several distinct parts, each with unique characteristics. In our study, we deliberately select a
complex case of an ICME resulting from the interaction of two CMEs. This ICME comprises
a strong interplanetary shock, a wide sheath of the highly increased density and structural
complexity, and two distinct magnetic clouds, one of which is highly fragmented due to
the CME–CME interaction. The interaction process is illustrated in Figure 1b. The series of
reconstructed maps showing the in-ecliptic solar wind’s normalized density is provided by
the Solar Group at the Center for Astrophysics and Space Sciences, University of California,
San Diego, US, based on near-real-time interplanetary scintillation observations from
the Institute for Space-Earth Environmental Research (ISEE), Nagoya University, Japan
(https://ips.ucsd.edu/, accessed on 1 November 2024). These reconstructions, derived
from a kinematic model, allow us to link dynamic processes in interplanetary space with the
ICME structure observed in situ by spacecraft at the 1st Lagrange point. In the reconstructed
density maps, SIRs or longer-lived CIRs appear as elongated sleeves connected to their
solar source, while ICMEs typically resemble half-circles, often already disconnected from
the Sun by the time they reach Earth’s orbit, as depicted in Figure 1b. Note that in the case

https://ips.ucsd.edu/
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of ICMEs, the intense-colored regions practically describe the evolution of the compressed
ICME sheath. The maps in Figure 1b show that the large-scale, Earth-directed ICME 1, with
a skewed front, opposes the SIR, and then ICME 2 emerges, propagating in nearly the same
direction as ICME 1. The two ICMEs merge at an early stage and propagate together to
1 AU, where they are detected by the WIND spacecraft.

The data employed in this study have been collected from the 1 AU WIND spacecraft
from the CDAWeb database (https://cdaweb.gsfc.nasa.gov, accessed on 1 November 2024)
for the period from 22 April 2012, 23:00, to 23 April 2012, 23:00. This interval encompasses
the ICME event shown in Figure 1b that can be found in all WIND ICME catalogs, including
the IKI catalog http://iki.rssi.ru/pub/omni/catalog/2012/20120422c.jpg (accessed on 1
November 2024), [67], the Wind spacecraft ICME catalog https://wind.nasa.gov/ICME_
catalog/ICME_catalog_viewer.php (accessed on 1 November 2024) [68], and the University
of Science and Technology of China catalog https://space.ustc.edu.cn/dreams/wind_
icmes/ (accessed on 1 November 2024).

The interval under investigation is rather long (24 h) and can be separated into several
parts characterizing different states of the solar wind:

1. The slow undisturbed solar wind in front of the merged ICME (from the start of the
period until 02:15 on 23 April 2012);

2. The ICME-driven shock observed at 02:15 on 23 April 2012, according to the interplan-
etary shock database https://ipshocks.helsinki.fi/ (accessed on 1 November 2024);

3. The classic ICME sheath observed from 02:15 to 08:35 on 23 April 2012;
4. The disturbed segment that can be attributed to the mixed sheath–magnetic cloud

region formed as a result of the CME–CME interaction (from 08:35 to 17:00 on 23 April
2012). For simplicity, we call this region the “magnetic cloud 1” (MC1).

5. The classic magnetic cloud observed from 16:48 on 23 April 2012 (according to the
official Wind spacecraft ICME catalog https://wind.nasa.gov/ICME_catalog/ICME_
catalog_viewer.php, accessed on 1 November 2024) to the end of the interval. This
region is called below the “magnetic cloud 2” (MC2).

This allows for tracking changes in turbulence characteristics and conditions for
current sheet formation across different types of solar wind flows.

The analysis carried out in this study utilizes solar wind plasma parameters (the flow
speed, density, temperature, and proton velocity vector) measured by the SWE instru-
ment [69] with a resolution of ~99 s, as well as the 3DP instrument [70] with a 3 s resolution.
Additionally, the IMF strength and component data with a resolution of 0.092 s provided
by the MFI instrument [71] are used.

The identification of current sheets using the method proposed by Khabarova et al. [39]
and the analysis of turbulence characteristics of the IMF with the building of the spectra are
conducted for the same Wind data within the same time intervals, eliminating uncertainties
related to comparing measurements from different spacecraft and instruments, as well as
in statistical research results.

Figure 2 shows the temporal evolution of the IMF strength B and its components, along
with the solar wind plasma parameters observed by Wind, namely, the the solar wind bulk
speed Vp, the proton density Np, the proton temperature Tp, and the plasma beta represent-
ing the ratio of the proton thermal pressure to the magnetic pressure (β = 2µ0NpkBTp/B2,
where kB is the Boltzmann constant) for the selected period of the passage of the merged
ICME at the Earth’s orbit.

The solar wind types are marked by vertical lines indicating the arrival of the inter-
planetary shock wave, the approximate end of the classic ICME sheath and transition to
the mixed sheath–magnetic cloud type (MC 1), and the beginning of the smoothly rotating
magnetic field within the ICME magnetic obstacle.

https://cdaweb.gsfc.nasa.gov
http://iki.rssi.ru/pub/omni/catalog/2012/20120422c.jpg
https://wind.nasa.gov/ICME_catalog/ICME_catalog_viewer.php
https://wind.nasa.gov/ICME_catalog/ICME_catalog_viewer.php
https://space.ustc.edu.cn/dreams/wind_icmes/
https://space.ustc.edu.cn/dreams/wind_icmes/
https://ipshocks.helsinki.fi/
https://wind.nasa.gov/ICME_catalog/ICME_catalog_viewer.php
https://wind.nasa.gov/ICME_catalog/ICME_catalog_viewer.php
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Figure 2. WIND observations of the IMF and plasma parameters associated with the ICME shown
in Figure 1b. Temporal evolution of the IMF module and its components (a–d), plasma parameters
(e–g) and plasma β parameter (h) in the interval from 22 April 2012 23:00 to 23 April 2012 23:00.
Vertical lines from right to left show the ICME-driven shock, the end of the classic sheath region
(bounded by two solid lines), and the beginning of the magnetic field variations associated with
merged magnetic cloud–sheath region (magnetic cloud 1) formed as a result of CME–CME interaction
shown in Figure 1b. Dashed line separates magnetic cloud 1 from magnetic cloud 2 with the more
regularly rotating magnetic field.

To analyze the characteristics of turbulent fluctuations in the different types of solar
wind shown in Figure 2, we build the frequency spectra of the parameter fluctuations for
the corresponding time intervals. This approach is based on Taylor’s hypothesis, which
is generally applicable to the solar wind [72]. According to this hypothesis, observed
variations in temporal parameters can be interpreted as structures of varying spatial scales
convected by the solar wind past the observation point. To compute the frequency spectra
of fluctuations, we used the highest available resolution of the IMF data, up to ~10 Hz. For
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the identification of current sheets, the IMF strength data were averaged to a one-second
resolution. The proton density, temperature, and velocity vector data were interpolated to
a one-second resolution as well.

The methodology for automatically determining characteristics of turbulent fluctu-
ation spectra can be divided into several stages. First, we calculated the IMF fluctuation
spectrum by constructing the spectra for each component of the IMF and summing them.
Each spectrum was constructed using the fast Fourier transform (FFT) based on the original
magnetic field component values with a time resolution of 0.092 s (the data were prepro-
cessed into equidistant time series). The length of the analyzed interval was ~12.6 min,
which corresponded to 8192 points, given the data resolution. This interval length was
chosen because FFT is optimally performed with a point count that is a power of two. The
study aims to examine the fluctuation spectra at both kinetic and MHD scales, making
further reduction in the interval length unnecessary. Increasing the interval length is also
undesirable because it increases the likelihood of capturing different structures within a
single interval, complicating interpretation. Each subsequent analyzed interval was shifted
by 1024 points (~1.5 min) with respect to the previous one, making a sliding window, to
avoid losing information about fluctuations at the interval boundaries and to provide a
more comprehensive view of the dynamics of turbulence characteristics.

The resulting spectrum was divided into three frequency ranges: the first correspond-
ing approximately to MHD scales, the second to kinetic scales, and the third to the noise
region. Initially, the boundaries of these regions were set manually: 1 Hz (as an initial
approximation of the boundary between the MHD and kinetic scales) and 3 Hz (the ap-
proximate start of the noise region). The 1 Hz frequency was chosen as the preliminary
boundary between the MHD and kinetic scales based on prior studies of solar wind turbu-
lence spectra (see, for example, the review by Alexandrova et al. [40]). The 3 Hz frequency
was chosen as the preliminary boundary for the noise region based on empirical experience.
At the next step, using the piecewise linear approximation method [73], we found the
slopes of the corresponding spectral regions. The positions of the boundaries between the
MHD, kinetic, and noise parts of the spectrum were refined based on the approximation
discussed above.

Figure 3 presents an example of the fluctuation spectrum (the blue curve) and the
approximation obtained using the method described above (the orange lines). The spectrum
clearly showed two regions where it could be approximated by linear dependencies with
different slope indices. The intersection point of these linear approximations corresponded
to a frequency of 0.66 Hz. In the first region, up to the breakpoint corresponding to MHD
scales, the slope was P1 = −1.79. In the frequency range from 0.66 to 2.96 Hz, corresponding
to ion-kinetic scales, the slope was P2 = −2.63. The spectrum shown in the figure is fairly
typical for the solar wind (see, for example, the reviews by Alexandrova et al. [40], Bruno
et al. [41]). Similar slope values were also generally observed for the solar wind plasma flow
fluctuations [42]. At MHD scales, the calculated spectrum slope of −1.79 was steeper than
the Kolmogorov scaling of −5/3, predicted for developed MHD turbulence in the solar
wind [54], but it fell within the statistical range observed in various experiments [40]. At
kinetic scales, the spectrum slope was −2.63, close to the −8/3 slope predicted by several
theoretical approaches (see, for example, [56,57]).

For the subsequent comparison of the spectral break frequency with key plasma fre-
quencies, they were calculated as follows: the gyrofrequency fc = qpB/(2πmp) and the con-
vection plasma frequencies determined by the thermal proton gyroradius Fρi = Vp/(2πρth).
ρth = Vth/ωc is the thermal proton gyroradius, Vth is the proton thermal velocity, and
ωc = qB/mp is the cyclotron angular frequency. Additionally, the inertial proton length
frequency Fλi = Vp/(2πλ) was computed, where λ is the proton inertial length, defined as
λ = c/ωp, ωp being the proton plasma frequency. In Figure 3, the corresponding plasma
frequencies are found to be fc = 0.13 Hz, Fρi = 0.97 Hz, and Fλi = 1.31 Hz. The spectral break
of the IMF fluctuations located at 0.66 Hz is closest to the plasma frequency determined by
the thermal proton gyroradius.
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Figure 3. Example of the IMF fluctuation spectrum (blue curve) calculated for the interval 23 April
2012 04:45:04–04:57:38, along with the spectrum approximation in two frequency ranges (shown
by straight orange lines): the slope P1 at MHD scales and the slope P2 at kinetic scales. Dashed
lines indicate the slopes of −5/3 (for MHD scales) and −8/3 (for kinetic scales), corresponding to
theoretical predictions.

Additionally, the angle between the IMF and solar wind speed vectors defining the
primary direction of IMF fluctuations in the solar wind was calculated for all analyzed time
intervals. This was carried out by finding the unit vectors corresponding to each pair of the
IMF and velocity vectors and then computing the scalar product of these unit vectors. The
angle itself was obtained by calculating the arccosine of the resulting scalar product.

To identify current sheets, the method proposed by Khabarova et al. [39] was utilized.
This method detects characteristic features in plasma and IMF parameters when crossing
a current sheet based on high time-resolution data. These features include (i) the sharp
decrease in |B| at current sheets, (ii) the decrease in VA/V (where VA is the Alfvén speed
VA = B/(µ0Npmp)−1/2, and µ0 is the magnetic constant), and (iii) the increase in β. To
identify these changes, derivatives of B, β, and VA/V were calculated with a one-second
cadence. Only peaks observed simultaneously in the derivatives of |B| and any of the
other two parameters indicated above were considered as pointing at current sheets. The
threshold levels were selected by applying the condition of maximum correlation for the
exceedance indicators of each parameter [39].

Figure 4 provides an example of the current sheet identification for the time interval
23 April 2012 04:45:04–04:57:38, which coincides with the interval shown in Figure 3. The
current sheet identified at 04:49:44 was the most pronounced during this period. It is
characterized by the sharp simultaneous drop in the derivatives of |B| and VA/V, along
with a rise in the derivative of β. Most other current sheets during this period were
identified by the simultaneous fulfillment of two out of three conditions indicated above.
For instance, the current sheet at 04:46:02 was identified based on these two conditions
alone. This was the only current sheet identified at 04:46, as other moments with drops in
the derivatives of |B| or VA/V did not meet the simultaneity condition.
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Figure 4. Example of applying the current sheet identification method to the interval 23 April 2012
04:45:04–04:57:38. From top to bottom: (a) location of the identified current sheets (1 means the
presence of the current sheet); (b) derivative of the magnetic field magnitude; (c) derivative of the
ratio of Alfvén speed to solar wind speed, and (d) derivative of the plasma β. Green dashed lines
indicate the parameters used to calculate the derivatives, while the red lines represent the threshold
levels for each parameter. Current sheets are identified by the simultaneous crossing of the threshold
by the derivative of |B| and at least one of the other two parameters.

3. Results

We analyze and compare the characteristics of the turbulent cascade and the number
of observed current sheets associated with the ICME shown in Figures 1b and 2 with a 24 h
interval from 22 April 2012 23:00 to 23 April 2012 23:00. At the beginning of the interval,
the quasi-stationary region of slow solar wind is observed, with the following average
parameter values: B ≈ 4.37 ± 0.005 nT, Vp ≈ 328.26 ± 0.06 km/s, np ≈ 8.98 ± 0.01 cm−3,
and Tp ≈ 5.28 ± 0.01 eV. As the ICME-driven shock arrives, the examined parameters
sharply increase to the average values of B ≈ 10.98 ± 0.02 nT, Vp ≈ 385.28 ± 0.06 km/s,
np ≈ 24.25 ± 0.05 cm−3, and Tp ≈ 8.61 ± 0.02 eV and become more volatile in the ICME
sheath. After the classic sheath region ends, the plasma speed remains roughly at the same
level and becomes less disturbed. The plasma density and the IMF strength gradually
increase again, while the plasma temperature returns to a level similar to that before the
interplanetary shock wave arrival.

Magnetic cloud regions 1 and 2 differ from other ICME parts in their strong and
more regularly behaved magnetic fields. Note that Magnetic cloud 1 is a result of the
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CME–CME interaction when the smaller ICME 2 overtakes larger ICME 1 and moves ahead
until they merge and form a stream filled with a mixture of their structures. Taking into
account an oblique crossing of the merged ICME at the Earth’s orbit (see Figure 1b), one
may conclude that Magnetic cloud 2 belongs to the larger ICME 1, but Magnetic cloud
1 is a distorted and highly twisted flux rope of ICME 2. In the example considered in
Figure 2, quasi-stationary behavior of the magnetic field is seen starting around 17:00,
accompanied by stabilization of the temperature at a level lower than that in the calm
solar wind preceding the ICME arrival. The density returns to calm solar wind levels,
while the speed remains elevated and volatile. The average values observed in the inter-
val from 17:00 to 23:00 are the following: B ≈ 15.09 ± 0.003 nT, Vp ≈ 381.06 ± 0.07 km/s,
np ≈ 9.08 ± 0.009 cm−3, and Tp ≈ 2.09 ± 0.002 eV. Between the end of the classic turbulent
sheath and the start of the more regular magnetic field region (from 08:35 to 17:00), notice-
able variations in all parameters are observed, though not as intense as in the sheath, with
average values of |B| ≈ 11.67 ± 0.01 nT, Vp ≈ 386.9 ± 0.04 km/s, np ≈ 22.82 ± 0.03 cm−3,
and Tp ≈ 4.37 ± 0.01 eV. The averaged solar wind plasma and IMF parameters for the
analyzed intervals are presented in Table 1.

Table 1. The IMF and plasma parameters observed within the intervals indicated in Figure 2.

Interval

Parameter Slow SW ICME Sheath MC1 MC2

Density (1/cm3) 8.98 ± 0.01 24.25 ± 0.05 22.82 ± 0.03 9.08 ± 0.01

Temperature (eV) 5.28 ± 0.01 8.61 ± 0.02 4.37 ± 0.01 2.09 ± 0.0

B (nT) 4.37 ± 0.0 10.98 ± 0.02 11.67 ± 0.01 15.09 ± 0.0

Vp (km/s) 328.26 ± 0.06 385.28 ± 0.06 386.9 ± 0.04 381.06 ± 0.07

fc (Hz) 0.07 ± 0.0 0.17 ± 0.0 0.18 ± 0.0 0.23 ± 0.0

Fpi (Hz) 0.69 ± 0.0 1.68 ± 0.0 2.56 ± 0.01 4.35 ± 0.0

Fλi (Hz) 0.69 ± 0.0 1.31 ± 0.0 1.28 ± 0.0 0.8 ± 0.0

αBV 108.3 ± 0.1 91.7 ± 0.09 81.8 ± 0.09 94.29 ± 0.04

Fbreak (Hz) 0.28 ± 0.01 0.73 ± 0.02 0.78 ± 0.01 0.86 ± 0.02

P1 −1.68 ± 0.02 −1.76 ± 0.01 −1.68 ± 0.01 −1.59 ± 0.01

P2 −2.53 ± 0.02 −2.72 ± 0.03 −2.62 ± 0.02 −2.38 ± 0.02

csn 24.95 ± 1.4 56.11 ± 1.96 6.84 ± 0.29 0.03 ± 0.01

Figure 5 shows the time series of the following plasma parameters: the angle between
the IMF and plasma speed vectors (a), plasma frequencies determined by the proton
gyroradius (b), the proton inertial length (c), and the proton gyrofrequency (d), calculated
for the time interval considered in Figure 2, as described in Section 2. Plasma frequencies
increased by approximately 2–2.5 times after the ICME-driven shock arrives.

The average values of the key frequencies in the calm plasma are the following:
fc = 0.07 Hz, Fρi = 0.69 Hz, and Fλi = 0.69 Hz, and in the sheath, they increase to
fc = 0.17 Hz, Fρi= 1.68 Hz, and Fλi = 1.31 Hz. The average angle between B and V does not
change significantly despite the ICME arrival (108◦ in the calm solar wind, and 91◦ in the
sheath), although local variations in this angle can be substantial, especially in the sheath
region. The sharp drop in the angle between B and V at 03:30 coincides with a decrease
in gyrofrequency and plasma frequency determined by the proton gyroradius. However,
this event has almost no effect on the plasma frequency determined by the proton inertial
length. The averaged calculated plasma parameters are also presented in Table 1.
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Figure 5. Variations in the angle between the magnetic field and the solar wind speed and key
frequencies observed within the time interval shown in Figure 2. From top to bottom: temporal
evolution of the angle between the IMF and solar wind velocity vectors (a), characteristic frequencies
determined by proton gyroradius (b), inertial length (c), and the proton gyrofrequency (d).

The upper panel of Figure 6 shows the temporal evolution of the number of current
sheets (csn) calculated over 12-min intervals with a 95 s step, consistent with the step used
for spectral calculations. The panel below it shows the temporal evolution of the IMF
fluctuation spectra characteristics, including the slope of the spectra in the MHD (P1) and
kinetic (P2) scales, as well as the break frequency between them. Dashed lines on the
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corresponding panels indicate a slope of −5/3, characteristic of Kolmogorov turbulence in
the MHD range, and slopes of −7/3 and −8/3, predicted by various models for kinetic
Alfvén turbulence in the kinetic range, as discussed in the Introduction. In the quiet
solar wind, the average values observed are FBreak = 0.28 ± 0.01 Hz, P1 = −1.68 ± 0.02,
P2 = −2.53 ± 0.02, and csn = 24.95 ± 1.0.
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Figure 6. Current sheet rate and characteristics of turbulent IMF fluctuations found within the time
interval shown in Figure 2. Vertical lines correspond to explanation at Figure 2. Number of current
sheets over 12 min intervals (csn) (a), the slope of the IMF fluctuation spectrum in the MHD range
(P1) with a dashed line indicating the −5/3 slope (b), the slope of the IMF fluctuation spectrum in the
kinetic range (P2) with dashed lines indicating the −7/3 and −8/3 slopes (c), and the break frequency
between the MHD and kinetic ranges of the fluctuation spectrum (FBreak) (d).
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Following the arrival of the shock, the number of current sheets sharply increases to an
average value of csn = 56.11 ± 2.0 in the ICME sheath. After peaking at 03:28, the number
of current sheets begins to decline, which continues until the beginning of the Magnetic
cloud 2 region (15 h after the shock arrival). This behavior is consistent with the analysis
of current sheet counts around ICME events using the superposed epoch method [39].
Additionally, one may notice a 2.5-fold increase in the break frequency and a steepening of
the spectral slopes P1 and P2 (average values: FBreak = 0.73 ± 0.02 Hz, P1 = −1.76 ± 0.01,
P2 = −2.72 ± 0.03). In some intervals, the spectral slope values at kinetic scales reach −3.5,
while the median value for the interval is −2.62. The steepening of the slopes in the kinetic
region of the spectrum aligns with the statistical studies of fluctuation spectra in the ICME
sheaths presented in [60].

In the period between the end of the plasma compression region and the beginning of
the Magnetic cloud 1–2 region, the number of current sheets decreases noticeably compared
to the sheath, but does not reach the low values observed within the magnetic cloud
region. The break frequency increases by approximately 5%, and the spectral slope values
return to levels similar to those in the quiet solar wind. The average values for this period
are the following: FBreak = 0.78 ± 0.01 Hz, P1 = −1.68 ± 0.01, P2 = −2.62 ± 0.02, and
csn = 6.11 ± 0.3. Upon entering Magnetic cloud 2, the number of current sheets approaches
zero, the break frequency continues to increase, and the spectral slopes become flatter
compared to the quiet solar wind. The average values in the magnetic cloud region are the
following: FBreak = 0.86 ± 0.02 Hz, P1 = −1.59 ± 0.01, P2 = −2.38 ± 0.02, csn = 0.03 ± 0.01).
Meanwhile, P1 and P2 values become more volatile here, which might be attributed to the
low level of magnetic field fluctuations in this region and the associated uncertainties in
the approximation of fluctuation spectra.

In the sheath region before the magnetic cloud (particularly at its onset), there is a sharp
increase in the number of current sheets, with several pronounced peaks visible at 02:22,
02:45, and 03:28. A cluster of elevated current sheet activity can be identified between 02:00
and 03:30, with an average of approximately 95 current sheets
per 12.6 min interval. A correlation is observed between the increase in current sheets dur-
ing this interval and the steepening of the P1 slope in the MHD range of the IMF fluctuation
spectrum (average P1 value = −1.74), although the slope values vary significantly during
this period. Conversely, the spectrum slope in the kinetic range P2 becomes flatter (average
P2 value = −2.36). Notably, in the latter part of the ICME sheath, where the number of
current sheets decreases, the P2 slopes steepen, reaching values as low as −3.5. The break
frequency of the spectrum fluctuates widely, ranging from 0.2 to 1.5 Hz.

A detailed comparison of Figures 5 and 6 reveals that, at the peak of identified current
sheets (03:28, with 175 sheets over a 12.6-min interval), there is a sharp spike in the angle
between the IMF direction and the speed to ~160◦, accompanied by the steepening of the P1
slope to −2 and a sudden drop in the break frequency to ~0.4 Hz. However, no significant
changes in the P2 slope are observed compared to previous points.

Figure 7 shows the IMF fluctuation spectra for intervals associated with the increase
in current sheets around ~3:28. It is evident that all presented spectra, compared to typical
ones, exhibit steeper slopes in the MHD range and flatter slopes in the kinetic range.
The difference between the slopes becomes minimal, meaning the spectral break nearly
disappears. In these cases, the angle between the IMF direction and the velocity shows no
significant deviations from their average values.

Figure 8 illustrates the temporal evolution of the current sheet number and break
frequency, marking instances of sharp increases in csn during the examined interval. The csn
increase is accompanied by the drop in the break frequency, though statistical confirmation
of this relationship has yet to be achieved.
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Figure 8. Comparison of the current sheet rate and the break frequency within the time interval
shown in Figure 2. Vertical lines indicate the edges of the ICME parts shown in Figure 2. Temporal
evolution of the number of current sheets in 12 min intervals (a) and break frequency between the
MHD and kinetic ranges (b). Green stripes indicate moments when the number of current sheets
exceeds 50.

To show the most often occurring patterns in the behavior of the spectra characteristics,
we compare several peaks in the number of current sheets seen in the upper panel of
Figure 6 with P1, P2, Fbreak, and Tp. As mentioned above, the connection between current
sheets, turbulence, magnetic reconnection, and heating has been highlighted in numerous
statistical studies. However, it remains unclear whether temperature increases at current
sheets due to the reconnection process or if current sheets simply form at points where the
temperature is already at its peak. Therefore, we include Tp in the analysis as well.
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Figure 9 depicts intervals with peaks in csn observed within the quiet solar wind
period and all ICME parts except for MC2, where there are no noteworthy csn peaks. From
top to bottom, the two panels show csn, the slope of the IMF fluctuation spectrum in the
MHD range, the slope of the IMF fluctuation spectrum in the kinetic range, the break
frequency between the MHD and kinetic ranges, and the proton temperature. csn and Tp
are normalized to their mean values within the corresponding intervals. P1 is normalized
to the expected slope −5/3, and P2 is normalized to the expected slope −8/3.
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peak for each time interval indicated in the legend.
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The peaks in csn, despite varying in width, have a distinguishable relationship with
Fbreak, which usually peaks in the vicinity of the csn, with sharp changes occurring within
minutes before or after. These changes can be in either direction—from larger values
to smaller (left panel) or smaller to larger (right panel). While P1 and P2 values also
shift rapidly during these intervals, their changes do not align with the direction of Fbreak
fluctuations. The temperature rarely peaks exactly at the csn maximum. Very often, there are
two or more distinctive peaks around the csn peak, and the general trend of the temperature
increase associated with the increasing number of current sheets is evident. This illustrates
the fact that the link between the solar wind heating and current sheets in the solar wind
as well as the spectra properties and current sheets still remains at the statistical level or
requires far more case studies.

We analyze the behavior Tp at current sheets observed in different types of solar wind
plasma by building histograms of the temperature distributions in the undisturbed solar
wind, ICME sheath, and MC 1. The number of current sheets in MC 2 does not allow
us to perform any kind of statistical analysis. The histograms shown in Figure 10 are
built for values at current sheets and in the solar wind without current sheets. The MC 2
interval does not contain enough current sheets to allow the corresponding histogram to
be statistically significant. The top histograms display the temperature distributions for
the seconds during which current sheets are detected (blue) and for the seconds without
current sheets (red), while the bottom histograms show the percentage of seconds with
detected current sheets per the temperature bin, illustrating the impact of current sheets
on the temperature distributions. Proton temperatures at current sheets are consistently
higher than those away from current sheets. For instance, in the 8–10 eV bin, which
contains the highest values of the temperature observed during the undisturbed period,
approximately 20% of seconds are associated with current sheets, even though current
sheets represent only 3.3% of the total time frame (375 current sheets out of 11,333 s). The
median temperature at the current sheets is about 7% higher than that away from current
sheets. In the ICME sheath (middle panels), current sheets form two populations—with
the lowest and highest temperatures. The distribution reveals two distinct peaks: one
at 4–6 eV and the other at 10–12 eV. Around 12% of the 4–6 eV bin and over 7% of bins
within the 10–18 eV range consist of seconds with detected current sheets, indicating that
they significantly contribute to the higher temperatures while also being prominent in
colder plasma. In total, 1793 current sheets are observed over 20,998 s, accounting for
approximately 8.5% of the ICME sheath period. During the MC 1 period (rightmost panels),
there is also a shift to higher temperatures associated with current sheets similar to that
seen in the undisturbed solar wind, although the number of current sheets is rather low in
this interval (less than 1%, or 286 out of 30,014 s). No bin contains more than 2% of seconds
with detected current sheets, with the peak occurring in the 6–8 eV bin.

Therefore, the occurrence of current sheets is statistically associated with the maximal
temperatures observed in all types of solar wind under study. Two populations of current
sheets (namely, cold and hot current sheets) observed in the turbulent ICME sheath with
the largest number of these structures may be related to the presence or absence of the
ongoing magnetic reconnection at the particular current sheets. This phenomenon may
also be explained by the co-existence of current sheets of different origins, for example, thin
and short-scale structures created by turbulence and large-scale quasi-stable current sheets
formed downstream of the ICME-drive shock at early stages of its propagation. Both ideas
should be checked in the future with larger statistical material and detailed studies of the
properties of current sheets.

Figure 11 illustrates the statistical dependencies between csn and the angle between B
and V, characteristic plasma frequencies, and parameters of the IMF fluctuation spectra. The
details of the statistical relationship between the current sheet number and other important
parameters, namely, |V|, |B|, Np, β, Tp, fc, Fλi, and Fpi, are given in Appendix A. Different
colors signify values observed in the four intervals indicated in Figure 2: the quiet slow
solar wind (green), the ICME sheath (red), MC1 (blue), and MC 2 (orange).
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Figure 11. Relationship between the number of current sheets in 12.6 min intervals and the average
values of parameters characterizing spectra of IMF variations. Left to right, top to bottom: angle
between the B and V vectors, slope of the fluctuation spectrum in the MHD range, slope of the
fluctuation spectrum in the kinetic range, and break frequency between the MHD and kinetic ranges
of the fluctuation spectrum. Color of the points indicates the type of solar wind: green reflects slow
and quiet solar wind, red is for the ICME sheath, blue indicates MC 2, and orange indicates MC 1.
Horizontal lines represent the average number of current sheets for the corresponding parameter
value range.
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No relationship is observed between the number of current sheets and the parameters
in the magnetic cloud regions, where csn is low. However, for the sheath region, clear
inverse correlations of csn with |B| and the angle between the B and V vectors are evident.
Similar correlations are observed for the angle between B and V in the undisturbed solar
wind region before the ICME arrival.

In the ICME sheath, the following additional dependencies are found between csn
and characteristic plasma frequencies: a direct correlation with the frequency associated
with the proton inertial length and inverse correlations with the gyrofrequency and the
frequency associated with the proton gyroradius. These correlations are likely related to
dependencies on solar wind parameters.

For the ICME sheath, a clear statistical relationship is identified between the number
of current sheets and the spectral break frequency—the growth of current sheet number
is accompanied by a significant decrease of spectral break frequency. For other types of
solar wind, such a dependence is not obvious. Meanwhile, there is no clear connection
between csn and the spectral slopes of magnetic field fluctuations in either the MHD or
kinetic ranges in any of the solar wind types. This is possibly related to the fact that there is
a rapid restructuring of the spectrum, and the slopes are not stable and vary greatly.

Additionally, it can be noticed that the csn maximum is associated with the extreme
slope values in the MHD range (−2 to −2.1 and −1.3 to −1.4, respectively). Meanwhile,
this result is not statistically significant due to the limited number of such events.

4. Discussion

This study is the first step to examin the relationships between the number of current
sheets and the characteristics of the IMF fluctuation spectra in the solar wind. Current
sheets were identified at 1 AU using an automated method (https://csdb.izmiran.ru/,
accessed on 1 November 2024), enabling both case studies and statistical analysis of the
links between the number of current sheets and the key parameters describing solar wind
conditions and turbulence over a 24-h interval with different types of the solar wind.

In the slow, undisturbed solar wind, a moderate number of current sheets is observed,
while the ICME sheath exhibited the highest number of current sheets compared to both
intervals within the magnetic cloud and in the quiet solar wind, ranging from dozens to
hundreds, which aligns with prior statistical studies [39]. This feature indicates that current
sheets in the sheath are local structures formed within the turbulent and compressed
solar wind plasma downstream of the interplanetary shock. In the magnetic cloud highly
fragmented owing to the merging of two CMEs, where intense magnetic field fluctuations
are observed, the number of current sheets decreased. In the classic magnetic cloud with
the regularly rotating magnetic field, the number of current sheets dropped to a very low
value, even lower than those in the undisturbed solar wind.

We find that in the slow undisturbed solar wind, spectra characteristics are close to
model predictions. In the ICME sheath, the dynamics of turbulent cascades exhibit complex
behavior, particularly in the narrow region downstream of the ICME-driven shock, where
current sheets are most abundant. The number of current sheets increased in the ICME
sheath sharply, and the slopes of spectra in the kinetic range generally become steeper,
which is in agreement with the results of our previous works [39,60]. In the fragmented
magnetic cloud, the characteristics of the fluctuation spectra are similar to those in the quiet
solar wind. In the classic magnetic cloud, the spectra become the flattest in both scales,
which reflects a significant decrease in magnetic field fluctuations in this region [74].

Prior studies have shown that the ICME sheath can be characterized by significant
steepening of the fluctuation spectra at the kinetic scale [60]. A relation between the
turbulent cascade properties and current sheets has previously been studied by different
authors using observations in the magnetosheath [26,38] and in the solar wind [75,76].
Particularly, Greco et al. [75] employed the Cluster data to show that the turbulent cascade
naturally leads to the formation of current sheets at various scales, down to the proton skin
layer. At smaller scales, current sheet fragmentation processes occur, which can lead to the

https://csdb.izmiran.ru/
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formation of Harris-type layers at scales down to the electron skin layer [18]. Therefore, the
results of prior statistical and case studies allowed assuming a relationship between the
occurrence of current sheets and the steepening of IMF fluctuation spectra in the kinetic
range, but no direct comparisons between the number of current sheets and turbulence
state have been made.

Case studies show that spectral characteristics can change dramatically at current
sheets, and significant perturbations of spectra of turbulent fluctuations occur in the vicinity
of the current sheet number peak. Peaks in the number of current sheets are typically
observed within 20–40 min intervals. Such a clustering of current sheets is a well-known
phenomenon, driven by the ability of reconnecting or unstable current sheets to generate
secondary coherent structures in their vicinity [17,18,39].

As noted in the Introduction, the number of current sheets is governed by the combined
kinetic and thermal energy density, which is indirectly linked with the intensity of dynamic
processes occurring at current sheets, such as magnetic reconnection and instabilities.
Despite knowing that, the relationship between the number of current sheets and spectral
characteristics under different plasma and IMF conditions has not been previously analyzed.
Our case studies show that the slope of the spectra of IMF fluctuations generally becomes
steeper at the MHD scale, together with the slopes at the kinetic scale that become flatter
in the vicinity of the csn maximum. The two branches of the spectra may even merge
into one, and the break can disappear. Further beyond, a significant steepening of the
spectra is observed, indicating that the presence of current sheets impacts the turbulent
cascade over a much larger area than expected since this effect extends well beyond the
peaks in the number of current sheets, reflecting the central region of the most active
turbulent reconnection.

The sharp rise in small-scale current sheet number and the changes in the fluctuation
spectrum, including its steepening at the kinetic scale, may reflect different aspects of the
turbulence cascade development within the ICME sheath constrained by two strong discon-
tinuities (the ICME-driven shock and the strong current sheet). The corresponding dynamic
processes may be similar to those forming the turbulence spectra in the magnetosheath
bounded by the Earth’s bow shock and the magnetopause [44] and stream/corotating
interaction regions [60,77–80].

Our statistical analysis reveals a clear correlation between the break frequency and
the number of current sheets, while the relationship between spectral slopes and current
sheet occurrence is less defined, making it challenging to establish a consistent connection.
This uncertainty arises because, in the broader vicinity of the csn peak (on the scale of tens
of minutes), the behavior of spectral parameters fluctuates significantly, but follows no
consistent pattern. For instance, P1 and P2 may shift from lower to higher values in some
cases, and from higher to lower in others. As a result, statistically, no clear links are found,
but future case-by-case analysis may help clarify such relationships more effectively.

This may indicate that the characteristics examined depend not only on the type of
large-scale solar wind flow, but also on its structure at smaller scales. Such a scenario is also
characteristic of turbulent magnetic reconnection (e.g., [17,19,25]). This type of reconnection
suggests that the current sheet is not merely a planar discontinuity separating large-scale
magnetic fields with different directions. Instead, it has an internal structure composed
of smaller-scale current layers and undergoes magnetic reconnection at multiple locations
within it. Consequently, the primary current sheet generates secondary current sheets, flux
ropes, and waves in its vicinity. Numerous secondary current sheets are small-scale and
short-lived in comparison with the main current sheet that remains relatively long-lived
and elongated. In spectral terms, this implies that plasma turbulence is most intense not
directly at the strong current sheets, but in the surrounding regions.

In the context of solar wind heating, our findings confirm a statistical association
between the presence of current sheets and increased temperatures. However, detailed
analysis does not reveal clear temperature peaks corresponding directly to peaks in the
number of current sheets. Instead, the temperature increase is observed on larger scales sur-
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rounding the current sheets, aligning with the idea that current sheets reconnecting within
turbulent regimes act as heating sources extending to MHD scales. It is also important
to consider that current sheets may form more intensively in hot plasma due to various
instabilities linked to local temperature increases (as discussed in [39]). Further research
is needed to explore the relationship between current sheets, turbulence, and solar wind
heating, taking these factors into account.

This research is useful for advancing our understanding of how current sheets influ-
ence turbulent fluctuation spectra and dissipation processes in the solar wind. Expanding
the analysis to a larger dataset of ICMEs and other types of flows in the solar wind could
provide clearer insights into the patterns observed in this work, particularly regarding the
relationship between current sheets and the characteristics of turbulent plasma in stream
interaction regions sharing similar characteristics with the ICME sheath. A detailed investi-
gation into the connection between current sheet properties and local plasma temperature
is essential to fully grasp the dependencies found in this study.

5. Conclusions

The study is aimed at comparing the properties of the turbulent cascade and the
current sheet occurrence in different types of solar wind at 1 AU. The main results can be
summarized as follows:

1. A case study analysis shows the link between the increase in the number of current
sheets and the abrupt changes in spectral slopes and break frequencies.

2. A statistical analysis shows the anticorrelation of the spectral break frequency and the
number of current sheets in all analyzed types of solar wind.

3. The abundance of small-scale current sheets inside the ICME sheath leads to changes
in plasma dynamics and results in restructuring of the turbulent cascade. This fact
indicates a significant impact of thin current sheets on dissipation processes in large-
scale regions of compressed and turbulent plasma.

4. The relationship between plasma heating and the formation of current sheets is evident
across various types of the solar wind. In both the slow, undisturbed solar wind and
the disturbed magnetic cloud, where current sheets are relatively sparse, current
sheets are predominantly found in the hottest plasma. In contrast, the turbulent
ICME sheath, which has the highest number of current sheets, reveals two distinct
populations of current sheets, occurring in both the hottest and coldest plasma within
the region. This phenomenon may be linked to the coexistence of reconnecting and
non-reconnecting current sheets or current sheets of different origins and requires
further investigations.
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Figure A1. Relationship between the number of current sheets in 12.6 min intervals and the averaged 
values of various parameters (from left to right, top to bottom): V, magnetic field magnitude (B), 
proton concentration (Np), β, angle between the B and V vectors, proton temperature (Tp), 
gyrofrequency (fc), frequencies determined by the inertial length (Fλi) and proton gyroradius (Fpi), 
the slope of the fluctuation spectrum on MHD scales (P1), the slope of the fluctuation spectrum on 
kinetic scales (P2), and the break frequency between the MHD and kinetic regions of the fluctuation 
spectrum (Fbreak). The color of the point indicates the type of solar wind in which the interval is 
located: green—quiet solar wind, red—ICME sheath, blue—MC 1, orange—MC 2. Horizontal bars 
indicate the average number of current sheets for the range of values of the corresponding 
parameter. 
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