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Abstract The hypothesis is explored that the high-frequency magnetic spectral power of the solar wind is
associated with the spatial profiles of strong current sheets (directional discontinuities) in the solar wind
plasma. This hypothesis is based on previous findings about current sheets and the solar wind's magnetic
power spectra (1) that the amplitude distribution and waiting time distribution of strong current sheets
determines the amplituic composition and the electron strade and spectral slope of the “inertial range” of
frequencies and (2) that the thicknesses of strong current sheets in the solar wind determine the
breakpoint frequency that ends the inertial range. Solar wind current sheets are collected from the WIND
0.09375-s and MMS 7.8 X 10™>-s magnetic data sets, and the current sheets are individually Fourier
transformed. At frequencies above the solar wind breakpoint (1) the shape of the magnetic power spectra of
the current sheets resembles the shape of the magnetic power spectra of the solar wind and (2) the
current sheets occur frequently enough to account for the magnetic power of the solar wind above the
breakpoint. This has implications for the physics underlying the high-frequency magnetic power spectral
density of the solar wind, supplementing the energy-cascade description of the high-frequency spectrum.

1. Introduction

The magnetic power spectral density (PSD) of the solar wind (the square of the temporal Fourier transform of
the magnetic field time series measured by a spacecraft) is sketched in Figure 1, plotting the magnetic Fourier
energy as a function of the frequency in a spacecraft frame (see also Figure 2 of Podesta, 2010a, or Figure 2 of
Sahraoui et al., 2010). The power spectrum seen is attributed to spatial structures in the solar wind magnetic
field that are advected past the measuring spacecraft. Hence, the spectra are usually converted from fre-
quency f to wave number k, but we will concentrate on frequency in this study. Five features of the spectrum
that are pertinent to the present study are labeled in Figure 1. The first is the “inertial range” at lower frequen-
cies in this sketch. The inertial range of frequencies corresponds to spatial scales in the solar wind that are in
the MHD range of scale sizes, from somewhat larger than gyroradii and inertial lengths up to a few percent of
an AU. On the spacecraft, the time scales are seconds to hours. The inertial range is characterized by a power
law f~% where o is often in the range 1.5-1.7 (Borovsky, 2012a; Coleman, 1968; Podesta et al., 2007; Siscoe
et al., 1968). The second feature is the “breakpoint” in the magnetic power spectrum at the high-frequency
end of the inertial range where the power spectrum steepens. The breakpoint frequency corresponds to solar
wind scale sizes in the vicinity of the MHD-to-kinetic transition scale sizes in the vicinity of ion gyroradii and
ion inertial lengths. The third region is denoted here as the “high-frequency-1 range,” also known as the “dis-
sipation range” or “dispersion range.” The magnetic power spectrum above the breakpoint is often fit by a
power law f~ F with a range of 8 values found in the literature: Examples are 3 ~ 2-4.5 (Leamon et al.,
1998), B ~ 1-4 (Smith et al., 2006), 8 ~ 2.8 (Alexandrova et al., 2009), § ~ 3.81 (Podesta, 2010a), 3 ~ 3.96
(Sahraoui et al., 2010), 3 ~ 2.8-3.0 (Chen et al., 2014), and {3 ~ 2.7 (Bruno et al., 2017). The high-frequency
spectrum above the breakpoint is usually attributed to kinetic plasma waves and their interactions and damp-
ing. A second breakpoint appears at a frequency higher than the breakpoint ending the inertial range. At
“breakpoint-2” the steep spectrum in high-frequency-range-1 becomes shallower in high-frequency-range-
2 (Podesta, 2010a; Sahraoui et al., 2010).

Strong current sheets account for much of the Fourier power of the solar wind (Borovsky, 2010; Li et al.,
2011, 2012; Siscoe et al., 1968). By creating an artificial time series that contains the information about the
magnetic field changes across strong solar wind current sheets and none of the information about the
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The Solar-Wind Mag netic Power SpeCtI’ um solar wind magnetic fluctuations between the current sheets, it was found

Log Power
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N Inertial Range that the PSD of the current sheet time series reproduces the amplitude and
. spectral slope of the inertial range of the PSD of the actual solar wind time
breakpoint series (Borovsky, 2010). The interpretation is that the distribution of
High-Frequency-1 amplitudes of the current sheets (size of the magnetic field jumps across
Range the current sheets) and the distribution of waiting times between subse-
breakpoint-2 quent current sheets govern the slope of the inertial range magnetic
spectrum.

High-Frequency-2
Range The thicknesses of the strong current sheets in the solar wind govern the
frequency location at which the breakpoint in the solar wind magnetic

Log Frequency

Figure 1. A sketch of the magnetic power spectral density of the solar wind
with the features that are germane to this study labeled.

power spectrum occurs (Borovsky & Podesta, 2015; Podesta & Borovsky,
2016). This has been demonstrated by going into the solar wind magnetic
field time series and temporally stretching the time series only within the
strong current sheets, which has the effect of thickening the current sheets
but not altering other features in the time series. When the strong current sheets are thickened by a factor X,
the magnetic power spectrum breakpoint frequency fycax shifts to lower frequencies by a factor of 1/X
(Borovsky & Podesta, 2015).

Related to the two effects of strong current sheets described in the previous two paragraphes, it is hypothesized
here that the spatial profiles of the current sheets may govern the high-frequency spectral power and spectral
slope above the breakpoint. In the present study this hypothesis will be explored via Fourier time series ana-
lysis of solar wind current sheets compared with the magnetic power spectra of the full solar wind time series.
Magnetic field measurements from WIND with a time resolution of 0.09375 s and from MMS with a time
resolution of 7.8 X 10~ s will be utilized.

This manuscript is organized as follows. In section 2 the data sets and Fourier techniques that are used are
described. Section 3 examines the Fourier properties of some artificial current sheets and the dependence of
the frequency spectra on the profiles of current sheets. In section 4 the Fourier spectra of solar wind current
sheets are examined, and in section 5 the Fourier power of solar wind current sheets is examined. Section 6
contains discussions about the implications for the physics of the solar wind's magnetic spectra and about
future studies.

2. Data and Fourier Techniques

Solar wind magnetic field measurements with 0.09375-s time resolution from the WIND MFI instrument
(Lepping et al., 1995) and with 7.8 x 10™>-s time resolution from the Level-2 MMS magnetometer measure-
ments (Russell et al., 2016) are analyzed. Data from the WIND spacecraft are used from 3 January 2005 when
the WIND spacecraft was at L1 in the undisturbed solar wind. Data from MMS1 were used from several burst-
mode intervals in January 2017 to April 2018 when MMS was in the solar wind.

We are interested in particular in the Fourier signatures of strong current sheets in the magnetic structure of
the solar wind, where strong means that the solar wind magnetic field undergoes a significant change in
direction in crossing the current sheet and/or there is a significant change in the magnetic field strength
across the current sheet.

A collection of 85 current sheets from WIND is made by looking for clear sudden (seconds) rotations of the
magnetic field direction. Current sheets that are temporally isolated from other current sheets are taken,
with current sheets found near data gaps rejected. A collection of 178 current sheets from MMS is obtained
by using temporally isolated current sheets in the Burkholder and Otto (2019) collection of current sheets.
Burkholder and Otto selected their current sheets from the MMS mission events list database https://lasp.
colorado.edu/mms/sdc/public/about/events/#/ to compile a list of burst-mode intervals labeled as contain-
ing a “solar wind current sheet,” which ranged from ~30 s to ~3 min. The search algorithm described in
Burkholder and Otto (2019) was then applied to select current sheets with sufficient changes in the mag-
netic field such that they were isolated from periodic fluctuations and other large-scale structure. For the
178 MMS current sheets, the available data are extended to fill the Fourier data subinterval, which is 8,192
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§1oo .\.Magnet|c Fleid DIreCtlon ChangeS data points (64 s) long. To fill the window, the first and last available
— R data values were extended to the beginning and end of the data
» \Q A \:\_;z/green: 178 MMS sheets interval, respectively.
§ 10 6“. "\:\ :‘/Tred: 85 WIND sheets In Figure 2 the distributions of amplitudes of the current sheets are
0 ‘z~\\ \“.. - . : plotted. The 10-s angular change A8 in the direction of the solar wind mag-
5 4 o \}\’ . eXp(-AB/20. 2)/\» \i netic field across the current sheet is measured (comparing the field vector
8 <ty OXP ‘\\A 5 s before the center of the sheet with the field vector 5 s after), and the A®
@) pink: sum of / /black I values are binned. The distribution of red square points in Figure 2 is the
45 01 exponentials \“ WIND Jan 3, 2005 distribution for the 85 WIND current sheets, and the distribution of green
— \ s triangle points is the distribution of the 178 MMS current sheets. Note that
8 N '::c‘ there are a few points in Figure 2 representing current sheets with small
g oo exp(-AB/5.8)/ ““ . .‘;\“ 10-s values of A: Inspection of these sheets finds that they are either (a)
2 AN oo characterized by a strong change in the magnitude B, of the magnetic

20 40 60 80 100 120 field or (b) that the rapid (~1-s) strong rotation of the direction of B is
A8 10-sec [deg] accompanied by a slow rotation back. Plotted as the black circles in

Figure 2. Distributions of the 10-s change in the direction of the solar
wind magnetic field vector are plotted. The distribution for the day 3
January 2005 as measured by WIND is plotted as the black round points. The
distribution of changes across the 85 WIND current sheets is plotted as

the red square points. The distribution of changes across the 178 MMS cur-

rent sheets is plotted as the green triangles.

Figure 2 are the distribution of 10-s changes in the WIND data set for
the entire day 3 January 2005. (This distribution is multiplied by a factor
of 4.) The 3 January distribution exhibits a double-exponential shape
(see also Figure 2 of Borovsky, 2008, Figure 6 of Miao et al., 2011, or
Figure 3 of Borovsky, 2020a). At low values of A® the black points are fit
with an exponential of the form exp(—A8/5.8°% purple dashed curve),
and at high A values the black points are fit with an exponential of the

form exp(—A8/20.2°; lower light blue dashed curve). The sum of the two exponential fits is plotted as the pink
diamond-shaped points: As can be seen, the black points are well fit by the sum of two exponentials.
Following Borovsky (2008), the exp(—A©8/20.2°) distribution is taken to be the distribution of A8 values across
current sheets in the solar wind and the exp(—A8/5.8°) distribution is taken to be the distribution of A8 values
in the magnetic field fluctuations between the current sheets. Copying the light blue exp(—A6/20.2°) fit and
moving it upward on the plot into the red and green points, it is seen that the shapes of the distributions of A®
values in the collection of 85 WIND current sheets and in the collection of 178 MMS current sheets are typical
for current sheets in the solar wind.

PSDs are constructed from the magnetic field time series using the FFT (fast Fourier transform) periodogram
method (cf. Otnes & Enochson, 1972). Windowing is used to isolate the time signal of each current sheet in
each data subinterval. To avoid leakage into the high-frequency portions of the PSD, Gaussian-based win-
dows are used (cf. Figure 1 of Borovsky & Podesta, 2015). The three window types used are shown in
Figure 3. The windows are the Gaussian

W (t) = exp (— [(t—to)/tgauss]z) W

where t, is the center of the Gaussian (i.e., the location of the current sheet in the data subinterval), the

exponential-4 window

Wa(t) = exp (— [(t=to)/teauss] 4) @

and the exponential-8 window (cf. Appendix B of Borovsky, 2012a)

Wi (t) = exp<— [(t—t) /tgauss]8>. 3)

In all three windows, teya is the halfwidth of the window. The Fourier signal of the Gaussian window exp
(=]t —to)/ tgauss]z) is a Gaussian in the PSD exp(—f*/ fgaussz), with fg, 66 =1/ (Y Zﬂtgauss). If the Gaussian win-
dow has a half width tgaus = 9.375 s, then fouugs = 2.40 X 1072 Hz and the Gaussian filter will not contribute
to the PSD for frequencies higher than a few times fg,,ss. The exponential-4 and exponential-8 windows have

similar properties.
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Gaussian
exp(-(t/10)%)

Exponential-4
exp(-(t/10)°)

Exponential-8 Two examples of windowed current sheets are shown in Figure 4. In
exp(-(t/1 0)8) Figure 4a an unwindowed WIND magnetic field time series By(t), By(t),
and B,(t) (GSE coordinates) are shown. Note the large amplitude of the
current sheet as seen in By. Figure 4b shows the time series after applying
the Gaussian window with tgass = 9.375 s (which is 100 data points in the
WIND MFT data). In By one can see the Gaussian pulse with a current
sheet in it. Figure 4c shows the WIND data windowed by the
exponential-8 window with tg,us = 0.09375 s. Figure 4d shows an unwin-
dowed current sheet interval in the MMS data. Note the extensions of the
data interval before t = —14.1 s and after t = 13.9 s. Figures 4e and 4f show

Figure 3. The three windows to isolate current sheets in the solar wind data

are plotted here with halfwidths of 10 s.

5 5 the Gaussian windowed data and the exponential-8 windowed data, both
[S] with halfwidths te,.s = 9.375 s, which is 1,200 MMS data points.

Spectral slopes are calculated from the magnetic PSDs using linear regres-
sion fits of log10(power) as a function of log10(frequency). The standard
method is utilized in which all available PSD data points are used for
the least squares fit. This differs from the least squares fit method suggested by Podesta (2016) wherein
the available periodogram data are interpolated onto a uniformly spaced grid in log (frequency) and the grid
points are then used for the least squares fit. The standard method favors the higher-frequency portion of the
frequency range since that portion contains a higher density of data points (Podesta, 2016).

3. Mathematically Generated Current Sheets

To demonstrate the effect of the profiles of current sheets on the magnetic PSD, Figure 5a plots six mathema-
tically generated artificial current sheets B(t) as functions of time. The blue curve with points is a linear ramp.
Note that a linear ramp has continuous zeroth derivatives B(t) and discontinuous first derivatives dB/dt. The
dark blue curve without points is the cube of the linear ramp (B(t))*: The “linear® ramp” also has continuous
zeroth derivatives and discontinuous first derivatives. The red curve with points in Figure 5a is a ramp con-
structed from a half sine wave. This “half-sine ramp” has continuous zeroth and first derivatives but discon-
tinuous second derivatives d*B/dt>. The orange curve without points is the cube of the half-sine ramp (B(t))*:
This “half-sine” ramp” also has continuous zeroth and first derivatives but discontinuous second derivatives.
The dark green curve with points in Figure 5a is a hyperbolic tangent ramp. The tanh ramp has an infinite
number of continuous derivatives. The light green curve without points is the cube of the tanh ramp (B
(t))*: The “tanh® ramp” also has an infinite number of continuous derivatives.

In Figures 5b-5d the PSDs of the six ramps of Figure 5a are plotted. Prior to constructing the PSDs, the ramps
B(t) were windowed with a Gaussian window with a fullwidth of 45 s. Figure 5b shows the PSDs of the linear
ramp and the linear® ramp. The Fourier spectral slope associated with a linear ramp (blue) can be seen in
Figure 5b to be f~* (see also Figure 1 of Borovsky & Podesta, 2015). Note that the PSD of the linear® ramp
(dark blue) is similar to the PSD of the linear ramp even though the linear® ramp in Figure 5a has a compli-
cated inflection at time t = 0. The Fourier power of the linear® ramp is slightly larger than that of the linear
ramp, but the spectral slope is still f* owing to the discontinuous first derivatives.

In Figure 5c the spectral slope of the half-sine ramp (red) with discontinuous second derivatives can be seen
to be f°, and the half-sine® (orange) also with discontinuous second derivatives has a spectral slope that is
also ¢, but with slightly more spectral power at high frequencies.

The hyperbolic tangent ramp (dark green) and the tanh® ramp (light green) in Figure 5d have spectra that
cannot be fitted by a power law since they have infinite continuous derivatives. Again, the tanh® spectrum
has more high-frequency power than does the tanh spectrum.

4. The Fourier Spectra of Solar Wind Current Sheets

The blue curve in Figure 6 is the average of the magnetic PSDs of the 85 individual current sheets in the
WIND MFI data set. Prior to Fourier transforming, the time series subinterval containing each current sheet
was windowed with a Gaussian with a halfwidth of 9.375 s. The PSD of the 9.375-s Gaussian window itself is
plotted in purple in Figure 6. Plotted in green in Figure 6 is a solar wind PSD: A data interval 3.41-hr long was
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Figure 4. The component magnetic field (GSE coordinates) for two current sheets are shown. In panels (a) and (d) the
current sheets are shown unwindowed, with a WIND current sheet in panel (a) and an MMS current sheet in panel (b).
In panels (b) and (e) the WIND and MMS current sheets (respectively) are shown after applying a Gaussian window with
halfwidth of 9.375 s. In panels (b) and (e) the WIND and MMS current sheets (respectively) are shown after applying an
exponential-8 window with halfwidth of 9.375 s.

extracted from the WIND MFI data set at the center of the day 3 January 2005 and that data interval was
windowed with a Gaussian with a fullwidth of 51.4 min prior to Fourier transforming. The thin green
curve shown only at low frequencies is the PSD of that solar wind interval, and the thicker green curve is
a 300-point running average of that solar wind PSD. The breakpoint between the “inertial range” and the
“high-frequency spectra” is seen below 0.5 Hz in the green curve.

The Nyquist frequency for the 0.09375-s WIND MFI data is fNyquise = 5.33 Hz and 0.25 fyyquise = 1.33 Hz.
Staying away from the Nyquist frequency by a factor of 4 (e.g., Borovsky, 2012a), the valid frequency range
of the spectra above the breakpointis 0.5 Hz < f < 1.33 Hz for WIND MFTI. The spectral slope of the solar wind
interval (green curve in Figure 6), obtained with a linear regression fit in log-log space, in the frequency range
0.5-1.33 Hz is —3.21. The spectral slope of the average of the 85 single-sheet PSDs (blue curve) in the fre-
quency range 0.5-1.33 Hz is —3.36. This spectral index is listed in Table 1. The red curve in Figure 6 is formed
by (1) producing a Gaussian-windowed data interval for each of the 85 WIND current sheets, (2) assembling
the 85 data intervals sequentially into one long data interval, and then (3) Fourier analyzing the long interval
containing the sequence of 85 windowed current sheets. Each of the 85 subintervals of this long data interval
is 1,024 points long, which introduces a 1024 x 0.09375 s = 96-s periodicity, or a 1.04 x 10~> Hz frequency.
The thin red curve shown only at lower frequency is the PSD of the train of 85 current sheets, and the thick
red curve is a 100-point running average of the PSD. In the frequency range 0.5 Hz < f < 1.33 Hz the spectral
slope of the red curve is —3.42.
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In Figure 7 the occurrence distribution of the individual spectral slopes of
the 85 WIND current sheets windowed with 9.375-s halfwidth Gaussians
is plotted as the blue solid curve. The distribution of the 85 spectral slopes
using exponential-4 and exponential-8 windows is plotted as the solid red
and solid green curves, respectively. The mean values of the 85 spectral
slopes for the 0.5-1.33 Hz frequency range are —3.64 for the Gaussian win-
dow, —3.63 for the exponential-4 window, and —3.62 for the exponential-8

half-sine ramp window (cf. Table 1). Interpretation of the distribution of spectral slopes

0
time [s]

3 made from finite length data intervals (with the resulting “spectral var-

iance”) has been analyzed in Appendix A of Borovsky (2012a): A distribu-

linear ramp tion of measured spectral indices is expected if the data intervals are finite

and the mean value of the distribution is the correct value to use for the
spectral slope.

For comparison, 311 intervals wherein no strong current sheet resides
were located in the WIND MFI 3 January 2005 data set. (Those locations
were identified by visual inspection of the plots of the 10-s change in the
magnetic field direction, requiring A8,¢.s to be approximately less than

10° for about 1 min.) The spectral indices in the 0.5 Hz < f < 1.33 Hz inter-

vals are statistically shallower for the no-sheet intervals than they are for
the current sheet intervals: The mean values of the 311 spectral slopes
for the are —2.98 for the Gaussian window, —2.98 for the exponential-4
window, and —2.99 for the exponential-8 window. As will be shown in
section 5, the Fourier power of the no-sheet intervals is much less than
the Fourier power of intervals with a current sheet.

In Figure 8 the average of the 85 WIND current sheet PSDs is plotted for
the three types of windows: Gaussian in blue, exponential-4 in red, and

=]
=

0.1

f s

exponential-8 in green. The three averaged PSDs are very similar. In the
frequency range 0.5-1.33 Hz the spectral slopes are —3.64 for Gaussian,

—3.63 for exponential-4, and —3.62 for exponential-8 (cf. Table 1).

tanh ram
P Also plotted in Figure 8 are the averages of the 178 individual PSDs for the

178 MMS current sheets windowed with a Gaussian (blue), an
exponential-4 (red), and an exponential-8 (green). The Nyquist frequency
for the MMS magnetic field data is fxyquist = 64 Hz 50 0.25fNyquist = 16 Hz.
Staying away from the Nyquist frequency by a factor of 4, the valid fre-
quency range above the solar wind breakpoint is 0.5 Hz < f < 16 Hz.

Figure 5. In panel (a) six mathematically generated current sheets are
plotted versus time. The six ramps are windowed with a Gaussian (10-s and the WIND spectra of the full solar wind, fits to the MMS spectra are

halfwidth), and then their power spectral densities are calculated and made in the range 0.5 Hz < f < 1.33 Hz. In this frequency range the spectral
plotted in panels (b), (c), and (d) as labeled.

Note that in this frequency range the spectral slopes in the Figure 8 are
steeper in the lower frequency end of the range and become shallower at
the higher-frequency end. For comparison with the WIND current sheets

slopes of the averages of the MMS current sheet PSDs are —2.83 for
Gaussian windows, —2.75 for exponential-4 windows, and —2.71 for exponential-8 windows (cf. Table 1).
These MMS current sheet spectral slopes are shallower than the equivalent WIND current sheet
spectral slopes.

The occurrence distributions of the 178 spectral slopes for the 178 MMS current sheets are plotted as the
dashed curves in Figure 7. The mean values of the distributions are —2.83 for the Gaussian window (blue),
—2.78 for the exponential-4 window (red), and —2.75 for the exponential-8 window (cf. Table 1). These MMS
current sheet spectral slopes are shallower than the WIND current sheet values.

To put the WIND and MMS magnetic field data on a similar footing, the purple curve in Figure 8 plots the
averaged PSD for the 178 individual MMS current sheets after the MMS time series were subjected to 12-
point running averages. The time resolutions of the 0.09375-s WIND data and the 7.81 X 10>-s MMS data
differ by a factor of 12; the 12-point averaging of the MMS data reduce its time resolution to that of the
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85 current sheets aging steepens the spectral slope slightly in the 0.5-1.33 Hz range: For

the Gaussian window purple-curve of Figure 8 the spectral slope is
Blue: Average of 85 PSDs
Red: PSD of pulse train —2.88, closer to the values for the WIND current sheets, but not equal to
Green: Solar wind interval them. The systematic difference between the WIND and MMS spectral
Pulse train slopes is discussed in section 6.1.

v

The effect of the filter width on the resulting spectral slope is explored in
Figure 9. There are six curves for the 178 MMS current sheets and six
curves for the 85 WIND current sheets. The blue curves pertain to
Gaussian-windowed data, the red curves pertain to exponential-4 wind-

d
&,
g

0.1
f

Figure 6. Using a Gaussian window with a halfwidth of 9.375 s, power spec-
tral densities of the WIND current sheets are calculated. The blue curve

P 3 owed data, and the green curves pertain to exponential-8 windowed data.
[s] The solid curves are the spectral slopes of log-log power law fits to the aver-
age of the set of individual PSDs. One might worry, particularly for the
MMS set of current sheets, that current sheets occurring when the total

is the average of the individual power spectral densities of the 85 WIND magnetic field strength Bp,g is large will dominate the averaging of the
current sheets. The red curves are the power spectral density of the 85 PSDs (since the PSD is in a sense the square of the magnetic field). To
Gaussian-windowed WIND current sheets sequentially inserted into in a reduce the influence of a few strong-B,,, current sheets in the averaging,

time series. The purple curve is the power spectral density of the 9.375-s

Gaussian window. For comparison, the

spectral density of the solar wind as measured by WIND, windowed with a

the dashed curves in Figure 9 utilize averages of normalized PSDs, where

green curve i the magnetic power all frequency elements of the PSD are divided by the amplitude of the low-

Gaussian with a 51.2-min fullwidth centered on 12 UT on 3 January 2005. st frequency. As can be seen in Figure 9, once the fullwidth of the filter is
The spectral slope of the green solar wind curve is —3.26 in the interval larger than the thicknesses of the thickest current sheets in the collection

0.5Hz <f<1.33Hz.

(about 10 s), then the spectral slope obtained is fairly insensitive to the

width of the filter. The 18.75-s value of the filters used in this study (which
are 100 data points for WIND and 1,200 data points for MMS) is indicated in Figure 9 by the vertical
dashed line.

The current sheet spectral slopes above the breakpoint seen here are in the range of spectral indices quoted
in the literature for the solar wind above the breakpoint that were discussed in section 1. Note that the
measured spectral slope of the solar wind above the breakpoint is not a universal value (neither is the spec-
tral slope of the inertial range, which exhibits a variation of values; Borovsky, 2012a; Smith et al., 2006;
Tessein et al., 2009; and exhibits systematic differences in the different types of solar wind plasma;
Borovsky & Denton, 2010; Borovsky et al., 2019). In Figure 10a the spectral slope in the 0.5-1.33 Hz range
is plotted as a function of time in the WIND MFT data set for 3January 2005. A moving window is used to
extract a 3.4-hr-long WIND MFI data interval every 1.5 min, and each MFI data interval is windowed with
a Gaussian with a 51.2-min full width (red curve) or with a 25.6-min full width (blue curve). The window
fullwidths are indicated in Figure 10a with the red and blue horizontal line segments. As can be seen, the
resulting high-frequency-1 spectral slope varies with time in the data set from about —2.5 to —5.5, with
more variation in the 25.6-min windowing than in the 51.2-min windowing. Note again that the 3
January 2005 WIND data pertains to fast coronal-hole-origin solar wind. In Figure 10c the logarithm of
the 10-s change A8, in the magnetic field direction is plotted. Here, vertical lines indicate the temporal
locations of strong current sheets in the WIND MFI time series. Comparing Figures 10a and 10c, there is
no easily seen connection between the population of current sheets and the spectral indices. In Figure 10b

Table 1
Spectral Indices for the High-Frequency-1 Range 0.5 Hz < f < 1.33 Hz for the 85 WIND Current Sheets and the 178 MMS Current Sheets
Fit to sum Fit to PSD Fit to sum of Fit to sum of

Mean of Fit to sum of normalized of train of 85 PSDs 12-pt-smoothed normalized PSDs
PSDs fits of PSDs PSDs current sheets data 12-pt-smoothed data

WIND Gaussian 3.64 3.36 3.47 3.42

WIND Exponential-4 3.63 3.35 343 341

WIND Exponential-8 3.62 3.34 341 3.40

MMS Gaussian 2.83 2.83 2.97 2.88 3.01

MMS Exponential-4 2.78 2.75 2.92 2.80 2.97

MMS Exponential-8 2.75 2.71 2.89 2.76 2.93
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Figure 7.The individual spectral slopes in the frequency range
0.5 Hz < f £ 1.33 Hz are binned for the 85 WIND current sheets (solid
curves) and for the 178 MMS current sheets (dashed curves). The blue curves
are for power spectral densities calculated using Gaussian windows, the red
curves are for exponential-4 windows, and the green curves are for expo-
nential-8 windows.

integral of the PSD from 0.5 Hz to 1.333 Hz, multiplied by a normaliza-
tion constant so that the normalized amplitude is unity at 12 UT). There
is an easily seen connection between the population of strong current
sheets in Figure 10c and the spectral amplitude in Figure 10b.

Note in Figure 8 that the MMS power spectra of the 178 current sheets are
showing a second breakpoint to shallower spectral slopes in the vicinity of
f = 5 Hz. In Figure 11a the MMS power spectra of the current sheets are
replotted in blue, red, and green for the Gaussian, the exponential-4, and
the exponential-8 windows (all with full widths of 18.75 s) along with three
power spectra obtained without windowing. Those three spectra are
obtained by linearly detrending the data subinterval that contains each
current sheet prior to Fourier transforming (cf. Appendix B of Borovsky,
2012a) and then calculating the 178 PSDs. Each curve is the average of
the 178 PSDs. The purple curve takes data subintervals that are 16 s long
(with the current sheet at the center of the data subinterval), the gray curve
takes data subintervals that are 64 s long, and the orange curve takes data
subintervals that are 256 s long. Note the amplitude of magnetic power
spectra of the 16-s interval is larger than that of the 64 and the 256 s:
This is because a larger fraction of the smaller interval is dominated by
the single large current sheet than is the case for the longer intervals.
The almost horizontal black dashed curve in Figure 11a is the noise floor
of the MMS magnetometer as analyzed by Chhiber et al. (2018); cf.

Figure Al of that study): This black noise floor pertains to the linear-detrended PSDs of Figure 11a. For
the 18.75-s-fullwidth windows, data subintervals with length Lrr = 64 s were Fourier transformed. In this
windowing of the 64-s subintervals, about 3/4 of the data (and the noise in the data) in the subinterval is zer-
oed out. For the Gaussian window the effective width of the window is 72 9.375 s = 16.6 s, which is 0.26LpT.
(For the Exponential4 window the effective length is 0.27Lgr and for the Exponential8 window it is 0.28Lgr.)
When the Gaussian windowed periodogram that is plotted in Figure 11a was made, the square of the Fourier
transform was divided by Lgr, but the effective length of the Fourier transform is really 0.26Lgr. Hence, the
actual power of the three windowed curves in Figure 11a is about 4 times what is plotted. To assess the noise
for the windowed PSDs in Figure 11a, the (black) noise floor is replotted in blue a factor of 0.26 lower. At 0.25

o
A

18.75-sec windows
Blue: Gaussian Window

Red: Exponential-4 Window
Green: Exponential-8 Window

MMS

breakpoint
frequency

Magnetic Power Spectral Density [nTale]

0.1 1 » 10
f[s]

Figure 8. As labeled, the average of the individual magnetic power spectral
densities of the 85 WIND current sheets and the 178 MMS current sheets are
plotted. The blue curves use Gaussian windowing, the red curves use expo-
nential-4 windowing, and the green curves use exponential-8 windowing.
The purple curve is the average power spectral density of the 178 MMS
current sheets after 12-point smoothing of the raw MMS data and then
Gaussian windowing.

fNyquist = 16 Hz (vertical black dashed line), and the three windowed PSDs
are factors of 18-26 times the (blue) noise floor. At the second breakpoint
(~6 Hz, red vertical dashed line), the three windowed PSDs are about a fac-
tor of 100 above the (blue) noise floor. These three PSDs are not suffering
from instrument noise in the high-frequency-2 range between the second
breakpoint and 0.25 fyyquist- At 0.25 fnyquist the 16-s linear-detrended PSD
is a factor of 26 above the (black) noise floor, the 64-s linear-detrended PSD
is a factor of 10 above, and the 256-s linear-detrended PSD is only a factor
of 2.4 above. For these linear-detrend spectra in Figure 11a it is a mystery
as to why the spectra do not flatten in going from 16-s intervals (purple) to
256-s intervals (orange) as the spectral amplitudes approach the (black)
noise floor. At the second breakpoint the three linear-detrended curves
are factors of 130 (for16 s), 46 (for 64 s), and 12 (for 256 s) above the (black)
noise floor. The 256-s linear-detrended PSD may suffer from instrument
noise in the frequency range between the second breakpoint and 0.25
fayquist; the other two linear-detrended PSDs probably do not. In
Figure 11a the second spectral break is seen in all six of these averaged
PSDs. To make the spectral break clearer, the six curves are replotted in
Figure 11b as compensated spectra by multiplying by f > before plotting.
The three linear-detrended PSDs are also multiplied by a factor of 64 to
clearly separate them from the windowed PSDs. In Figure 11b the
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! [ (green), all with 18.75-s fullwidths. The mean value of the spectral-
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slope distribution is —1.42 for Gaussian, —1.41 for exponential-4, and
i —1.40 for exponential-8, slightly shallower than the spectral slopes
' 8
25 ( 25 30 35 40 obtained from the fits to the averaged PSDs in Figure 11. The systema-
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tic differences between the means of the distributions of spectral slopes
and the spectral slope of the sum of the PSDs (previous paragraph) res

Figure 9. The spectral slopes of the WIND and the MMS current sheets in ~ most likely owed to the fact that summing the spectral slopes treats

the frequency range 0.5 Hz < f < 1.33 Hz are plotted versus the fullwidth
of the windows used to isolate the current sheet in the solar wind data. The

each event equally, but in the sum of the PSDs spectra with different
amplitudes get different weights.

solid curves are the averages of the individual power spectral densities of the

sheets, and the dashed curves are the averages of the “normalized” indivi-

In Figure 13 the fitted spectral slopes of the 178 individual MMS current

dual power spectral densities. The blue curves are for Gaussian windowing,  sheets are plotted as functions of the Pearson linear correlation coefficient

the red curves for exponential-4 windowing, and the green curves are for
exponential-8 windowing. The often-used fullwidth of 18.75 s is noted with

the vertical dashed line.

Reorr Of each fitted spectral slope (i.e., for the spectrum of each current
sheet it is the correlation between the log;o(power) values and the logig
(frequency) values). The green points are for the blue Gaussian window
distribution of Figure 12 (the MMS high-frequency-2 fits), the red points
are for the blue dashed-curve distribution of Figure 7 (the MMS high-frequency-1 fits), and the blue points
are for the blue solid-curve distribution of Figure 7 (the WIND high-frequency-1 fits). In all three cases,
the pattern of points in Figure 13 is consistent with an underlying spectral slope plus variance error caused
by finite data intervals (cf. Figures A2 and A3 of Borovsky, 2012a, and analysis therein).

5. The High-Frequency Fourier Power in the Solar Wind Current Sheets

The question of interest is how much of the high-frequency magnetic spectrum is controlled by strong cur-
rent sheets in the solar wind. One hint to the answer comes from the three linearly detrended data curves in
Figure 11a: As the data interval length is reduced from 256 s (orange), to 64 s (gray), to 16 s (purple), the aver-
age power in the data interval increases. This is because the single current sheet in each interval dominates
the power over the fluctuations in the solar wind in the vicinity of the current sheet. In going from 256 to 16 s
the PSD in the high-frequency range increases by more than a factor of 10.

Comparisons will be made between the magnetic spectral power of solar wind current sheets and the mag-
netic spectral power of the solar wind, in general.

In Figure 14a the average of the 85 PSDs of the 85 WIND current sheets is plotted in red. Here 24-s-
long data subintervals containing the current sheets are used and the data subintervals are linearly
detrended prior to Fourier transforming. In green in Figure 14a a 3.41-hr-long interval of solar wind
(centered on the middle of the day 3 January 2005) is analyzed, with a linear detrend used. (Of course,
this 3.41-hr solar wind data interval also has current sheets in it, but not as concentrated as the 85 cur-
rent sheet intervals.) In the middle of the high-frequency-1 range at f ~0.8 Hz the red current sheet
power spectra are a factor of 7 higher than the solar wind power spectra. An interpretation of this is
that one current sheet plus 24 s of solar wind fluctuations has 7 times the power of the ambient solar
wind. Hence, a current sheet has as much power, on average, as (7-1)(24 s) = 144 s of solar wind fluc-
tuations. One complication to this is that the background level of fluctuations may be higher in inter-
vals that have current sheets.
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Figure 10. Running Gaussian windows are used on the WIND magnetic
field measurement on 3 January 2005 to form running power spectral den-

UT of Jan 3.2005  [hr]

sities. Power laws are fit to the power spectral densities in the

0.5 Hz < f < 1.33 Hz range of frequencies. In panel (a) the resulting spectral
slopes are plotted as functions of time every 1.5 min. The blue curve is for a
25.6-min fullwidth Gaussian window, and the red curve is for a 51.2-min
exponential-4 window. In panel (b) the normalized spectral amplitude is
plotted for the two windows. Panel (c) plots the logarithm of the 10-s angular

change of the magnetic field direction.

A similar measure comes from Figure 14b. Plotted in red is the average of
the 85 WIND current sheet PSDs, formed by windowing the data with
18.75-s fullwidth Gaussians. Plotted in green in Figure 14b is the average
of 8500 PSD formed by windowing random locations in the 3 January
2005 WIND MFI data set. (And of course, some of these 8,500 random loca-
tions have current sheets in them.) At f ~ 0.8 Hz the average of the current
sheet PSDs is about 5 times the average of the random-location solar wind
PSDs. Hence, a current sheet plus 18.75 s of solar wind fluctuations has 4
times the power of 18.75 s of solar wind fluctuations. Accordingly, a cur-
rent sheet has as much power as (4-1)(18.75 s) = 56 s of ambient solar wind
fluctuations. Again, the background level of fluctuations may be higher in
intervals that have current sheets.

Also plotted (blue) in Figure 14b is the average PSD of 311 locations in the
3 January 2005 WIND data where there are no strong current sheets.
(These locations were selected by visual inspection of plots of the 10-s
change in the magnetic field direction, requiring A8, to be less than
~10° for about 1 min.) At f ~ 0.8 Hz the average amplitude of the current
sheet PSDs in Figure 14b is about 13 times the average of the no-
sheet PSDs.

These two numbers can be compared with the expected occurrence rate
of current sheets in the solar wind on 3 January 2005. In Figure 2 the
two exponential fits to the A@ distribution of 3 January (black point)
are 206.5exp(—A08/5.84°) for the noncurrent sheet distribution and
4.1exp(—A0/20.2°) for the current sheet distribution. Integrating these
two distributions over all values of A®, the area under the curves is
1,206 for the noncurrent sheet population and 82.9 for the current sheet
population. The noncurrent sheet population is 1,206/82.9 = 14.4 times
as large as the current sheet population. The 10-s intervals were used to
calculate A®, so current sheets are occurring on the order of every
(14.4)(10 s) = 144 s in the fast coronal-hole wind on 3 January. This
144-s occurrence value is on the order of the above 144- and 56-s values
for how much solar wind fluctuation is needed to match the power of
the current sheets in the high-frequency-1 range. It is plausible that cur-
rent sheets are accounting for the majority of the power above the
spectral breakpoint.

Similar comparisons for MMS can be made by comparing the current sheet
PSDs in Figure 11a with the solar wind PSD in Figure Al of Chhiber et al.
(2018). At f = 1 Hz the solar wind PSD has an amplitude of ~1 x 10~3 nT?
Hz. At f = 1 Hz the windowed current sheet PSDs in Figure 11a have a

plotted amplitude of ~1.4 x 1072 nT?/Hz: Accounting for the effective 16.6-s width of the window in a 64-s
data subinterval, the actual amplitude of the windowed current sheet PSDs is ~5.4 X 10~% nT?/Hz. The short
intervals containing current sheets have about 54 times the Fourier power of the typical solar wind of the
interval analyzed by Chhiber et al. (2018). The increase in the ratio of Fourier power of MMS versus
WIND is almost certainly in part due to the high density of current sheets in fast (coronal-hole-origin) wind
(which the WIND analysis of 3January 2005 was) and the fact that the solar wind of the 24 November 2017
(which Chhiber et al., 2018, analyzed) was streamer-belt-origin plasma with a mean speed of 377 km/s.

6. Discussion

6.1. Findings and Implications

This study finds that the high-frequency (f > 0.5 Hz) magnetic spectrum of isolated solar wind current
sheets is consistent with the high-frequency magnetic power spectrum of the solar wind. This can be seen
in Figures 6 and 14, or by comparing the high-frequency spectral slopes found here with high-frequency
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Figure 11. Averages of the 178 power spectral densities for the 178 MMS
current sheets are plotted in panel (a) and the averages multiplied by f 2
are plotted in panel (b). The blue, red, and green curves are for data wind-
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spectral slopes for the solar wind in the literature. From the analysis in
sections 3-5 (cf. Figure 5), it is reasonable to suspect that the spatial pro-
file of the current sheets is responsible for the spectral shape of the high-
frequency magnetic spectrum of the solar wind.

Systematic differences in the high-frequency spectral slopes are found in
this study between the WIND current sheet collection and the MMS cur-
rent sheet collection (cf. Figure 8 or Table 1). The MMS spectral slopes
are closer to the spectral slopes of the 311 no-current sheet intervals. The
origins of these differences are not known. The two collections come from
different types of solar wind; the WIND current sheets are all from
coronal-hole-origin plasma on 3 January 2005, and the MMS current
sheets come from diverse types of solar wind plasma. There also might
be alteration of the MMS current sheets by foreshock effects.

This study finds that in the high-frequency range f > 0.5 Hz above the
breakpoint, the magnetic spectral power of current sheets in the solar
wind could account for the majority of the magnetic spectral power of
the solar wind. The Fourier power in the current sheet intervals is several
times more intense than typical solar wind intervals, and current sheet
occurrence is sufficient to add up to the solar wind's magnetic power.
Note, however, that the spectral slope of time intervals without strong cur-
rent sheets is not drastically different than the spectral slope of current
sheets. This raises the question as to whether there are other features in
the solar wind magnetic time series that produce spectra similar to the
spectra of strong current sheets: perhaps weak current sheets.

The Fourier analysis of MMS current sheets finds a second, shallower,
higher-frequency spectrum above 8 Hz, as has been reported for solar wind
spectra (e.g., Podesta, 2010a; Sahraoui et al., 2010). The spectral slope of
the MMS current sheet higher-frequency spectra is on average shallower
than those reported by Podesta, 2010a and Sahraoui et al. (2010); this dif-
ference is not understood. Perhaps there may be foreshock contamination
of the solar wind current sheets observed by MMS. The noise floor of the
MMS magnetometer was investigated, and it was argued in section 4 that
the MMS current sheet spectra should not be impacted by noise.

Via a series of studies it has been demonstrated that the current sheets of
the solar wind (1) control the amplitude and spectral slope of the inertial
range (Borovsky, 2010), (2) control the frequency at which the breakpoint
ending the inertial range occurs (Borovsky & Podesta, 2015), and (3) have
strong influence on the spectral power and spectral slope of the high-
frequency range (the present study). Understanding the origins of the cur-
rent sheets, the properties of the current sheets, and the physical mechan-
isms acting on the current sheets are keys to understanding the magnetic
power spectrum of the solar wind. A focus on the physics of current sheets
could compliment the present focus on a turbulent cascade driving the
magnetic spectrum.

This said, the second column of Table 2 lists some concepts needed to fully
understand the magnetic spectrum of the solar wind. The standard
method for describing the parts of the magnetic power spectrum is via
an energy-cascade picture. Sketches of the cascade concept of the solar
wind magnetic spectrum can be found in Figure 19 of Goldstein et al.
(2015), Figure 2 of Howes (2015), and Figure 14of Matthaeus et al.
(2015). The first column of Figure 2 lists the main concepts used in that
method of describing the solar wind's magnetic power spectrum. Note
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Table 2 points out that the amplitude and spectral shape of the inertial
range is associated with current sheet amplitudes and recurrence

Figure 13. The spectral slopes of the individual current sheets are plotted as ~ times. As noted in Table 2, for understanding the inertial range, the
a function of the Pearson linear correlation coefficient Reorr between the origin and statistical properties of directional discontinuities (strong
logarithm of the power spectral density and the logarithm of the frequency  yrrent sheets) in the solar wind is important. There are unsettled

in the frequency range where the spectral-slope fit is made. The blue points
are the 85 WIND current sheets fit in the frequency range

issues about the origin of these discontinuities (Burkholder & Otto,

0.5 Hz < <1.33 Hz, the red points are the 178 MMS current sheets fit in the 2019; Li & Qin, 2011; Neugebauer & Giacalone, 2010, 2015; Owens
frequency range 0.5 Hz < f < 1.33 Hz, and the green points are the 178 MMS et al., 2011; Tu et al., 2016) and the role of MHD turbulence, coronal

current sheets fit in the frequency range 6 Hz < f < 16 Hz.

flux tubes, Alfvén waves, pressure-balance structures, mirror modes,
etc., in the creation of these current sheets in the solar wind.

In a cascade picture the high-frequency breakpoint of the solar wind magnetic power spectrum is associated
with the onset in the MHD cascade of kinetic plasma wave damping (e.g., Bruno & Trenchi, 2014; D'Amicis
et al., 2019; Gary, 1999; Gary & Borovsky, 2004, 2008; Howes et al., 2008; Leamon et al., 1998, 1999; Podesta,
2012; Podesta et al., 2010) or with the onset of dispersion of plasma waves (Sahraoui et al., 2010, 2012; Saito
et al., 2010; Stawicki et al., 2001; TenBarge et al., 2012). Finding #2 in Table 2 points out that the spectral
breakpoint is associated with the thicknesses of current sheets in the solar wind. As noted in Table 2, physical
processes that act on the thicknesses of current sheets are important, such as plasma expansion and compres-
sion (Schindler & Hesse, 2008, 2010), Bohm and gyro-Bohm diffusion (Borovsky, 2006; Borovsky & Gary,
2009; Pecseli & Mikkelsen, 1985; Perkins et al., 1993; Vahala & Montgomery, 1971), eddy diffusion
(Borovsky, 2006; Chen & Montgomery, 1987; Yoshizawa & Yokoi, 1996), Alfvén wave steepening
(Tsurutani & Ho, 1999; Vasquez & Hollweg, 2001), current sheet instabilities (Birn et al., 2004; Daughton,
2003; Roytershteyn & Daughton, 2008), and reconnection (Faganello et al., 2010; Gosling & Phan, 2013;
Yin & Winske, 2002).

In a cascade picture the high-frequency magnetic power spectrum of the solar wind is associated with
plasma wave modes (e.g., whistler waves; Narita & Gary, 2010; Gary et al., 2012; Narita et al., 2016, kinetic
Alfvén waves; Podesta & TenBarge, 2012; Smith et al., 2012; Podesta, 2013; Salem et al., 2012; Chen et al.,
2013; Pitna et al., 2019), both (Boldyrev et al., 2013; Gary & Smith, 2009; Mithaiwala et al., 2012), and per-
haps Bernstein waves (Podesta, 2012; Verscharen et al., 2012), the wave-wave interactions of these plasma
modes, and the kinetic damping of these wave modes. In the cascade picture the high-frequency spectrum
represents the amplitudes of plasma waves with various wavenumbers. Finding #3 in Table 2 points out that
the profiles of solar wind current sheets determine the high-frequency magnetic spectra. As noted in Table 2,
physical concepts that are important to the spatial profiles of current sheets are current sheet structuring
(Gekelman et al., 2016; Ng et al., 2019; Schindler & Birn, 2002; Schindler & Hesse, 2008), plasma expansion
and compression (Schindler & Hesse, 2008, 2010), Bohm and gyro-Bohm diffusion (Borovsky & Gary, 2009;
Pecseli & Mikkelsen, 1985; Vahala & Montgomery, 1971), finite-gyroradii effects (Schindler & Hesse, 2010),
ion versus electron current carriers (Aunai et al., 2013; Sasunov et al., 2016; Schindler & Birn, 2002), Alfvén
wave nonlinear processes (Gomberoff, 2007; Tsurutani et al., 2002), plasma waves in current sheets (Huang
et al., 2009; Malaspina et al., 2013; Verscharen & Marsch, 2011; Zelenyi et al., 2011), pressure balance
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Figure 14. The amplitudes of the magnetic power spectral densities of the
WIND current sheets are compared with that of the solar wind. In panel
(a) using linear detrending the average of the power spectra of the 85 indi-
vidual current sheets are plotted in red for 24-s-long data intervals contain-
ing the sheets and the power spectra of a 3.21-hr interval of solar wind is
plotted in green. In panel (b) using Gaussian windows with a fullwidth of
18.75 s the average of the 85 power spectra of the WIND current sheets are
plotted in red, the average of 8,500 power spectra for 8,500 random locations
in the solar wind are plotted in green, and the average of 311 locations
absent of strong current sheets are plotted in blue.

(Riazantseva et al., 2005; Tu et al., 2016; Zhang et al., 2008), and three-
dimensional reconnection (Huang & Bhattacharjee, 2016; Wyper &
Hesse, 2015).

6.2. Questions for the Future

To improve and advance the present study of the contribution of solar
wind current sheets to the solar wind magnetic spectrum above the break-
point, several things could be done. Larger collections of current sheets
would improve the statistical results and increase the confidence of the
interpretations. With larger collections of current sheets, the events could
be sorted into categories that are analyzed separately. An obvious sort is
into the different types of solar wind plasma (e.g., Neugebauer et al.,
2003, 2016; Reisenfeld et al., 2003; Xu & Borovsky, 2015; Zhao et al.,
2009): The properties of the solar wind magnetic fluctuations in the iner-
tial range of frequencies show systematic differences between the various
origin types of plasma (Borovsky et al., 2019), and it may be the case that
the properties of the magnetic spectra above the breakpoint also show sys-
tematic differences between the types of solar wind plasma. It is also of
interest to sort and separately analyze current sheets according to (1)
Alfvénic versus non-Alfvénic current sheets, (2) current sheets with or
without changes in the magnetic field strength By,,,g, and (3) current sheets
that are or are not also plasma boundaries. Sorting the current sheet events
according to the slant angle at which the spacecraft crosses the current
sheet (cf. Figure 7 of Borovsky, 2008) would also improve the numerical
values obtained from the analysis. Future high-time-resolution magnetic
field measurements far from the bow shock could alleviate issues of the
foreshock contamination of solar wind current sheets.

Analogous to the effects of current sheets (magnetic shears) on the mag-
netic power spectrum of the solar wind, an obvious question for a future
study is: What are the effects of sudden velocity shears on the velocity
power spectrum of the solar wind? Strong shears in the parallel-to-B flow
(velocity shear layers) colocated with current sheets are prevalent in the

solar wind plasma (Borovsky, 2012b; Borovsky, 2020b). Particularly in
the Alfvénic regions of the solar wind, the velocity shears Av have very similar properties to those of the
magnetic shears AB (Neugebauer, 1985, 2006; Vasquez et al., 2007). Velocity vector differences in the solar
wind have similar statistical properties to those of the magnetic field vector differences (cf. Figure 7 of
Salem et al., 2009). And the velocity power spectrum of the solar wind has similarities to the magnetic
power spectrum of the solar wind in the inertial range (cf. Figure 6 of Podesta et al., 2007, or Figure 6 of
Borovsky, 2012a) and at the breakpoint and above the breakpoint (cf. Figure 1 of Riazantseva et al.,
2017, and Figures 1 and 2 of Safrankova et al., 2016). Velocity shear layers can have similar thicknesses
as do the colocated magnetic shear layers (cf. Figure 9 of Burkholder and Otto (2019), and in the
Alfvénic wind they can have similar amplitudes.

Similar questions arise for other solar wind quantities. (1) What effects do the sudden changes in the mag-
netic field strength By, in the solar wind have on the power spectra of By, for the solar wind? What effects
do the sudden changes in the number density n in the solar wind have on the power spectra of the density of
the solar wind? (cf. Figure 1 of Safrankova et al., 2013, or Figure 1 of Safrankova et al., 2015).

With the high-frequency spectrum coming from current sheets, and with the high-frequency spectral shape
of analytic current sheets coming from discontinuities in the derivatives (cf. Figure 5), an analysis of deriva-
tives in the solar wind time series might be useful. As noted in section 3, discontinuities in the function (the
zeroth derivative) give rise to {2 power spectra, discontinuities in the first derivative give rise to f* spectra,
discontinuities in the second derivative give f~ 6 spectra. The pattern is that discontinuities in the nth deriva-
tive dVB/dt" give rise to power spectra of the form f * where o« = —2(N + 1). It may be worth exploring the
properties of the fractional derivatives of the solar wind time series (e.g., Repperger et al., 2009) to see if they
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Table 2

Three Findings About the Importance of Current Sheets in the Solar Wind, the Implications of Those Findings, and New Concepts in Addition to the Concepts of a

Purely Cascade Picture of the Solar Wind

Finding 1: Current sheet amplitudes and recurrence times control the inertial-range amplitude and spectral slope

Implication: Understanding the origin of strong current sheets is key to understanding the inertial range

Concepts important to a cascade picture:
Spectrum of eddy sizes

Nonlinear dynamics of eddy-eddy interaction
Spectral anisotropy

Intermittent structure

Finding 2: Current sheet thickness determines the breakpoint frequency

Concepts important to a current sheet picture:
Properties of directional discontinuities

Origin of discontinuities

Statistics of discontinuities

Flux-tube structure

Implication: The physics of what governs the breakpoint frequency is the physics of what governs current sheet thickness

Concepts important to a cascade picture:
Onset of dissipation in the MHD cascade
Transition from MHD to kinetic

Landau and cyclotron resonances

Mode conversion

Reconnection

Concepts important to a current sheet
picture:

Plasma expansion and compression

Bohm diffusion

Eddy diffusion

Alfvén wave steepening

Current sheet instabilities

Reconnection

Solar wind evolution

Finding 3: Current sheet profile determines the spectral slope above the breakpoint

Implication: Physical mechanisms acting within current sheets should be investigated to understand the high-frequency spectra of the solar wind

Concepts important to a cascade picture:
Dispersion relations

‘Wave-wave interactions

Landau and cyclotron damping

Anisotropy spectra

Concepts important to a current sheet
picture:

Current sheet structuring

Plasma expansion and compression

Bohm and gyro-Bohm diffusion

10.1029/2019JA027307

Finite-gyroradius effects

ITon versus electron current carriers
Alfvén wave nonlinear processes
Plasma waves in current sheets
Pressure balance
Three-dimensional reconnection

?g:;‘g;j: i?;g?ﬁhank John Podesta can provide insight into the noninteger high-frequency power laws observed in the PSDs. Fractional
and Chuck Smith for useful derivatives of the time series are readily calculated using Fourier transforms (Meerschaert et al., 2014;
conversations. Work at the Space Tseng et al., 2000).
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