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Coherence of Elsasser Variables
in the slow solar wind from 0.1
au to 0.3 au
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!School of Electronic Information, Wuhan University, Wuhan, China, ?State Key Laboratory for Space
Weather, SIGMA Weather Group, National Space Science Center, Chinese Academy of Sciences,
Beijing, China

The highly Alfvénic fluctuations (AF) and magnetic-velocity alignment structures
(MVAS) are two distinguished components in the near-Sun slow solar wind
observed by Parker Solar Probe. The amplitudes of the Elsisser Variables z* of AF
and MVAS show distinct features. However, how these fluctuations contribute
to the slow solar wind turbulence remains unknown. Here we investigate the
coherence between z* and z~ for the first time using the Parker Solar Probe
measurements with a high resolution 0.8738 s in the slow solar wind from
0.1-0.3 au. We find that the coherence spectra of z* and z~ in the perpendicular
directions for MVAS are remarkable higher than that for AF, in particular at large
scale. There exists a break around 10 d; (d; is the ion inertial length) where the
coherence decreases to a lower level for MVAS. A bump around 10 d; appears
on the coherence spectra of all three components for AF. The coherence of z*
and z~ may relate to the possible nonlinear interactions reflected by the time
series, the power spectra, and the self-correlation functions. These results help
to understand the roles of AF and MVAS in the slow solar wind turbulence.
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1 Introduction

The solar wind is a natural laboratory for the study of MHD turbulence (Tu
and Marsch, 1995; Bruno and Carbone, 2013), which is often described theoretically
by MHD equations in terms of Elsisser Variables z* (Elsasser, 1950). The nonlinear
interactions between z* and z~ lead to the energy cascade from large scales to small
scales. MHD cascade models (Kraichnan, 1965; Goldreich and Sridhar, 1995; Boldyrev,
2006) often take z" and z~ as counter-propagating Alfvén wave packets respectively.
This picture is incorporated in several solar wind turbulence models (e.g., Marsch and
Tu, 1989; Breech etal., 2008; Howes et al., 2008; Zank et al., 2012). Velli et al. (1989)
proposed that the nonlinear interactions in the solar wind are mediated by the co-
traveling z~ generated by the linear coupling of the dominant species to the large-
scale gradients. Recently Yang et al. (2023) find that the energy transfer of imbalanced
Alfvénic turbulence is completed by coherent interaction between Alfvén waves and co-
propagating anomalous fluctuations that continuously generated through the nonlinearity.
The interaction between z* and z~ are of importance for the understanding of solar wind
turbulence.

It is widely accepted that z* represents the outward Alfvén fluctuations in the solar
wind originating from the solar atmosphere. However, the origin and nature of z~ are
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Number distribution in the C!, - o, plane observed in the slow solar wind. The magenta denotes the AF region and the black denotes the MVAS region.

controversial. Assumptions include the inward Alfvén waves
produced by parametric instabilities (Marsch and Tu,
1993;Del Zanna, 2001; Malaraetal, 2001; Shietal, 2017),
the reflection of the outward Alfvén waves (Vellietal.,, 1989;
Chandran et al., 2009; Chandran and Perez, 2019), the velocity
(Zank etal., 2012; Shietal, 2020),
fluctuations (Grappin etal., 1990); the convective structures
originating from the solar atmosphere (Tu and Marsch, 1990;
Tu and Marsch, 1993); and the pseudo structures in the highly
Alfvénic solar winds (Wang etal.,, 2018). The determination of
the nature of 2~ is of importance for the understanding of solar

shear the compressive

wind turbulence. Whether z— is inward wave, co-propagating
fluctuation, or structure directly influences the interaction
between z+ and z—.

The properties of the turbulent fluctuations reflect their nature.
The typical slow solar wind has a lower degree of Alfvénicity
than the fast solar wind, being more strongly intermixed with
structures of non-Alfvénic nature (Tu and Marsch, 1995). The
information in the ¢, — o, plane provides an important approach
to investigate the properties of solar wind fluctuations, in which
o, is the cross helocity and o, is the normalized residual energy.
Bruno et al. (2007) studied the radial evolution of the distributions
in the o, — 0, plane and found that there exist advected magnetic
structures in the solar wind. Alberti et al. (2022) and Sioulas et al.
(2023) both presented the radial evolution of the distribution in
the 0. -0, plane and argued that more non-Alfvénic fluctuations
occurs during the solar wind expansion, resulting in the transition
of magnetic spectral index from —5/3 to —3/2 (Chen et al., 2020).
The evolution of o,—o0, plane reflects that the fluctuations are
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higher Alfvénic close to the Sun and less Alfvénic away from the
Sun. The more Alfvénicity and —3/2 scaling are consistent with
the IK phenomenology (Kraichnan, 1965) and the —5/3 scaling
is consistent with the Kolmogorov phenomenology (Kolmogorov,
1941) and critical balance models (Goldreich and Sridhar, 1995;
Boldyrev, 2006).

Wang et al. (2020) pointed out that o, and o, are dependent with
each other and used C/; and o, instead to analyze the properties of
the fluctuations, where C"] b 18 the correlation coefficient between the
magnetic and velocity fluctuations multiplied by the opposite sign of
the radial component of the mean magnetic field. They studied the
pixel averaged amplitude distributions of the fluctuations in the
C!,, — 0, plane in the slow solar wind using WIND measurements
at 1 au and found that the amplitude distributions of velocity
and magnetic field present a vertical stripe in the region with
IC",bI > 0.85 and o, € (-0.9,—-0.2). This region on the C:,b -0, plane
reflects the magnetic-dominated structures with high correlation
between magnetic-field fluctuations and velocity fluctuations, which
were defined as magnetic-velocity alignment structures (MVAS)
by Wang et al. (2020). Wu et al. (2021) perform the analyses using
the same method for the near-Sun solar wind. They find that
there is a domain in the C, — o, plane for Alfvénic fluctuations
with C!, >0.95 (AF) and ¢, ~0 in the near-Sun region while
this domain almost disappear at 1 au and MVAS already exists
in the near-Sun region. They found that z* is large but z~ is
just above the observational uncertainty for AF and z* and z~
are both large for MVAS. It is still unknown that what is the
nature of z~ in AF and MVAS respectively and whether the
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Top panels: pixel average amplitudes of z* (A) and z~ (B) in the ch -0, plane observed in the slow solar wind. The magenta denotes the AF region and
the black denotes the MVAS region. Bottome panels: the standard deviations of z* (C) and z~ (D) in the same format of top panels.

MVAS takes part in the nonlinear interactions in the solar wind
turbulence.

The correlation between magnetic and velocity fluctuations is
an effective parameter to investigate the fluctuations. Coherence
is the correlation as a function of frequency (or scale). Denskat
and Neubauer (1983) analyzed the coherence between magnetic
and velocity fluctuations in the fast solar wind observed by Helios
and found that the coherence is low at low frequency below 2.4 x
107° Hz, and high at higher frequency. They concluded that at low
frequency the fluctuations are generated by larger-scale dynamical
process and at high frequency the fluctuations are Alfvénic
turbulence. Since turbulence is an multi-scale phenomenon, the
coherence provides more information about the fluctuations than
the correlation. Here we investigate the coherence between z* and
z~ for both AF and MVAS. We utilize the PSP measurements inside
0.3 au in the slow solar wind and analyze the fluctuations of z*
and z~ in the C"] , — 0y plane. We present the coherence spectra
of z" and z~ for both AF and MVAS for the first time. We find
that the coherence for MVAS is higher than that for AF at all
scales. We analyze two intervals in the slow solar wind in detail
in three aspects: the time series, the self-correlation function, and
the power spectrum. We propose the possibility that there are two
different interactions between z* and z~ in the slow solar wind
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turbulence. This paper is organized as follows. In Section 2, we
describe the data and method. In Section 3, we show coherence
spectraofz* and z~ for both AF and MVAS and the detailed analyses
on two intervals. In Section 4, we discuss our results and draw
our conclusions.

2 Data and methods

Here we use measurements from PSP from 2018 October
31 to 2023 April 30. The perihelion reached 0.09 au in the
sixth orbit. The fluxgate magnetometer (MAG) in the FIELDS
instrument suite (Bale et al, 2016) measures the magnetic field B
and the Solar Probe Cup [SPC (Caseetal, 2020)] in the Solar
Wind Electrons, Protons, and Alphas [SWEAP (Kasper et al., 2016)]
instrument suite measures the proton velocity distribution function
(VDEF), whose moments including proton density n,, solar wind
velocity V are used. We cut the near-Sun solar wind data from
0.1 au to 0.3 au into 1-h intervals with no overlapping and
only reserve the high resolution data with good data coverage
(time resolution of 0.8738 and a total data coverage of 95% or
better) and obtain 1339 intervals. Most of them are slow solar
wind with the average velocity V, <450 km/s. We focus our
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FIGURE 3
The averaged coherence spectra between z* and z7in the three directions (|| (A); L, (B); L, (C)) of the field-aligned coordinates as shown on the top left
corner for the AF and the MVAS, respectively. The error bars represent the standard errors.

analyses on the 1187 slow solar wind intervals. We fit plasma and
magnetic field data to an uniform time grid with the resolution of
A =0.8738s.

The magnetic and velocity are calculated as év=V -V, and
éb=(B-B;)/
field and m,
of each interval. Note that this is a zeroth order approximation since

that the determination of B; and V, may be influenced by the one-

47mpmp,

is the proton mass. B, and V, are the averaged value

respectively. B, is the average magnetic

sided fluctuations (Matteini et al., 2014). The normalized residual
energy o, and the correlation coefficient C,, between b and év are
defined as

0_:<6v2>—<6b2>
<>+ < bR >
c < dv-0b>

vb =
V< 6v2 >< 6b% >

where the angled-bracket < > denotes an ensemble time average.

(1)

, 2)

These dimensionless parameters reflect the nature of solar wind
fluctuations (Tu and Marsch, 1995; Wang et al., 2020). We calculate
C!, = —Cy - Br/|Bg|, where By, is the R component of By in the RTN
coordinates (R is the direction from the Sun to the spacecraft, T is
cross product of the solar rotation axis and R, N completes the right-
handed coordinates). In this way, the positive (negative) sign of C/,
indicates the outward (inward) sense of the fluctuations.
The fluctuations of the Elsisser Variable z* are defined as

C
+ vb

+ - &b,
[Copl

7zt = v

(©)

So that z* always refers to the dominated fluctuations, whether
the Elsdsser variable propagates parallel or anti-parallel to the
background magnetic field line. The pixel average fluctuation
amplitudes of z* are calculated in the C!, — 0, plane with 40 x 40
pixels. We require that each pixel has more than 4 intervals for
statistical purpose. We further focus on the AF and the MVAS
defined by Wu et al. (2021) for the near-Sun slow solar wind. There
are 60 intervals in the AF region and 173 intervals in the MVAS
region.

We calculate the coherence between z* and z”. The coherence
measures the correlation between z* and z~ in the frequency
domain. We construct the field-aligned coordinate system, in
which | refers to the direction of By, L, refers to the direction
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perpendicular to both B, and V, and L, completes this orthogonal
coordinate system. The coherence spectra is the normalized cross-
spectral density of two time signals z* and z™:

|PSD} |2

L — 4
PSD}* - PSD;~ @

coherence; =
Where i denotes the ||, L;, and L, components, PSD**, PSD™~
are the power spectra of z* and z7, and PSD*" is the cross
spectral density of z* and z~. The power spectral density (PSD)
of a variable u can be computed by applying the fast Fourier
transform (FFT) or wavelet method (Torrence and Compo, 1998)
using Morlet wavelet. The coherence can also reflect the phase
difference between the fluctuations of z" and z~. The coherence
equals to 1 when the phase difference is 0° or 180° and equals
to 0 when the phase difference is 90° or 270°. We transfer the
frequency f to the wavenumber kd; in units of the ion inertial
scale d; using Tayler hypothesis (Taylor, 1938). The applicability
of Taylors hypothesis in the analysis of PSP data requires to be
investigated (Klein et al., 2014; Perez et al., 2021). Several modified
Taylor’s hypothesis are proposed to validate the transform from
frequency to wavenumber (Klein et al., 2015; Bourouaine and Perez,
2018; Perez et al., 2021; Zank et al., 2022). We apply the modified
Taylor’s hypothesis as in Zank et al. (2022), the difference between
the original and modified Taylor’s hypothesis is a ~20% shift of
the wavenumber. Other main features remain. Since most of these
modified Taylor’s hypothesis are related to the dispersion relation
for the fluctuations and we are not sure for the nature of z~, we
only show the results using the original Taylor’s hypothesis in this
work. We obtain the averaged coherence spectra for both the AF and
the MVAS in a smaller wavenumber domain, in which range every
interval covers.

We present a typical case of MVAS with high coherence and
another typical case of the AF with low coherence. We analyze their
time series, power spectra and self-correlation function. The power
spectral density (PSD) of a variable u are computed by applying
the fast Fourier transform (FFT). The estimated spectral indices are
given by the least-squares regressions to the corresponding spectra
within 0.004-0.04kdi in the log-logspace. The self-correlation
function of u is calculated as CF(7) =< du(t) - du (t+ 7) > (Matthaeus
and Goldstein, 1982), where < > denotes an ensamble time average
and 7=0, A, 24, ...,500A. We obtain the normalized self-correlation
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FIGURE 4
The C,,. 0, and z~ are given in the title for interval A measured on 2022 May 29 at 0.20 au. (A) The time variations of the components of magnetic field
(blue) and velocity fluctuations (yellow) in the L, direction of the field-aligned coordinates in unit of km/s. (B) The time series of z* (black) and z™ (red)
in unit of km/s. (C) The wavelet spectrum of coherence between z* and z~. (D) The phase difference between z* and z”.

function NCF(t) = CF(1)/CF(0). The correlation length is given as
the time scale where NCF(7) = 1/e (Smith et al., 2001). The results
are presented in Section 3.

3 Results

Figure 1 shows the number distribution in the C!, o, plane
for the 1-h intervals in the slow solar wind from 0.1 to 0.3
au. C!, >0.5 for most intervals and o, spreads from —0.6 to
0.2. Most intervals locate at around C!, ~0.9. We mark the
AF with C/, >0.95 and o0, € (-0.1,0.1) in magenta rectangle
and the MVAS with C/, >0.8 and o, € (-0.6,-0.3) in black
rectangle. There are 60 AF intervals and 173 MVAS intervals
respectively.

Figure 2 presents the pixel average amplitudes (top) and the
corresponding standard deviations (bottom) of z* (left) and z~
(right) in the C!, — o, plane. The average amplitude of z* is around
160 km/s in the AF and 100 km/s in the MVAS region. While
the amplitudes of z~ is around 20 km/s in the AF and 35 km/s in
the MVAS region. Their standard deviations are all much smaller
than the average amplitudes. The properties of the AF and the
MVAS for these 1-h intervals in the near-Sun slow solar wind are
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consistent with those 6-min intervals in the near-Sun slow solar
wind (Wu et al., 2021).

The average coherence spectra between three components of
z" and z~ are shown in Figure 3. The differences on the average
coherence spectra are obvious for the AF and the MVAS. For the
MVAS, the average coherence for the perpendicular components
can reach 0.55 at large scale, gradually declines to 0.4 around 0.1kd,;
and drop to 0.25 around 0.2kd;. The parallel components has a
lower coherence at all scales and a bump around 0.07kd;. The bump
indicates a slight higher coherence. The spectra illustrate an obvious
2D anisotropy that the coherence in the perpendicular direction is
larger than that in the parallel direction, while it is almost isotropic
in the plane perpendicular to the magnetic field. For those AFE,
the coherence spectra show little anisotropy. The values of the
average coherence are lower than 0.3 at all scales with a nearly
constant coherence at large scales. All three components have a
bump around 0.07kd,.

Figure 4 shows an interval on 2022 May 29 (interval A). Interval
A is measured at 0.17 au and with correlation coefficient C,;, = —0.97
and Alfvén ratio o, = —0.44. Thus, it is a interval of MVAS. Figure 4A
shows the magnetic field fluctuations db and the velocity fluctuations
Ov in the 1, of the field-aligned coordinates. We can see that the
correlation between b and dv is high but &b is dominated over
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phase di
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dv. Figure 4B presents z* and z~ in unit of km/s. It is clear that
z* is much larger than z~. 8z, the root mean square of z7, is
38.5 km/s. Figure 4C displays the wavelet spectrum of coherence
between z" and z~ in the L, direction. The red patch illustrates
a high coherence at large scales and the green and blue patch
indicates a lower coherence at small scales. Figure 4D presents the
corresponding phase difference between z* and z~. The yellow patch
indicates phase difference being 180° at most scales and instants,
demonstrating that the peaks of z* are accompanied by the troughs
of z~ and vice versa.

Figure 5 shows an interval on 2022 December 8 (interval
B). Interval B is measured at 0.16 au and with C,, =0.97 and
Alfvén ratio o, = —0.01. This time interval is highly Alfvénic with
8z~ = 18.8 km/s. It is obvious that z~ is much smaller than z*. The
wavelet spectrum shows a large patch of low coherence in blue,
corresponding to phase differences of 90° or 270°, implying that the
peak values of z* are accompanied by a zero value of z~ and vice
versa.

In the top panels of Figure 6, we show the coherence spectra
between z" and z~ in the three directions in the field-aligned
coordinates. The differences between those two intervals are
obvious. For interval A, the values of coherence between z* and z~ of
the 1, and L, components reach 0.8 at the largest scale and decline
to around 0.4 at small scale. The coherence of the | component
is around 0.3 at all scales. For interval B, the values of coherence
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between z* and z~ of the three components are all lower than 0.2 at
all scales. The coherence of the L, component is close to 0.2 and the
values of coherence of the 1, and || components are close to 0.

In the middle panels of Figure 6, we show the power spectra
of b, dv, z*, and z~ for the 1, component to be clear. We can
see for both interval A in the left panel and interval B in the right
panel, the power spectra of z~ are much lower than those of z*.
The magnetic spectrum of interval A is dominated over the velocity
spectra, while the magnetic spectrum and the velocity spectrum of
interval B almost overlap. We perform the least squares fit to the
spectra on the log-log plot from 0.004 to 0.04 kdi and obtained the
estimated spectral indices. For interval A, the spectral indices of
magnetic field, velocity and z* are all close to —3/2 and the spectral
index of z~ is —1.31. For interval B, the spectral indices of magnetic
field, velocity and z* are all close to —5/3 and the spectral index of
z" is —0.91.

In the bottom panels of Figure 6, we show the normalized self-
correlation functions of the L, components of b, dv, z*, and z".
NCFs of 8b, dv, z* for both interval A and interval B decrease
gradually as time lags 7 increase. The correlation lengths are of the
same order around 150 s. However, z~ is distinguished from the
others: NCFs is similar with that of z* for interval A but drops
dramatically to 1/e at only 11 s for intervals B. This means that the
relation of the value of z~ at a time instant with another instant for
intervals B weakens quickly as the distance increases.
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Left panels are for interval (A). (A) The coherence spectra between z* and z~ in the three directions in the field-aligned coordinates (|| in red; 1, in blue
and L, in black). (B) The power spectra of four variables (b in blue; v in yellow; z* in black; z~ in red) in the 1, direction with the corresponding slopes
and their standard deviations obtained from the linear fit in the log-log space shown at the right corner. The two black dashed lines mark the range for
the least squares fit to the spectra on the log-log plot. (C) The normalized self-correlation functions (NCF) of four variables (b in blue; v in yellow; z* in
black; z” in red) in the 1, direction with the corresponding correlation length (where NCF = 1/e) shown at the right corner. The black dashed line
denotes 1 = e. Right panels (D—F) are for interval B with the same format as the left panels (A—C)

Conclusions and discussion

In this study, we use the PSP measurements in the slow solar
wind from 0.1-0.3 au and calculate the coherence spectra between
Elsdsser Variable z* and z~ for 60 intervals of the AF and 173
intervals of the MVAS defined in the C!| -0, plane. The average
coherence spectra of MVAS are higher than those of AF for all
components at all scales in the field-aligned coordinate system,
especially for the perpendicular components. The average coherence
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spectra of MVAS show a distinct 2D anisotropy while that of AF is
nearly isotropic and low. Both MVAS and AF show a bump around
0.07kd; on the average coherence spectra of parallel component.
For the perpendicular components, the coherence decreases with
the increasing kd, for MVAS but presents a bump around
0.07kd; for AE

We analyze two intervals in detail. Interval A is a typical event
of MVAS with high coherence and interval B is highly Alfvénic with
low coherence. The wavelet spectra of coherence is shown together
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with the phase difference for the 1, component of z* and z”. For
interval A, the high coherence corresponds to a close to 180° phase
difference. The coherence spectra present a clear 2D anisotropy with
high (up to 0.85) coherence at large scale for the perpendicular
components. The spectral indices of db, dv, z* are all around -3/2,
while the spectra of z™ is flatter with the spectral indices —1.31. The
correlation lengths of z* and z™~ are at the same order. These results
support the scenario that the fluctuations of MVAS are involved in
the nonlinear interactions of the solar wind turbulence as proposed
in IK theory. The high coherence of z* and z~ may indicate that z*
and z~ both originate from MVAS, which complete the nonlinear
interactions in the MVAS and contribute to the slow solar wind
turbulence.

For interval B, the low coherence corresponds to a close to
90° or 270° phase difference. The coherence spectra are nearly
isotropically low with a slight higher (around 0.2) coherence
for the 1, component. The spectral indices of b, dv, z* are
all around -5/3, while the spectra of z~ is flatter with the
spectral indices —0.91. The correlation lengths of z* are at the
same order with that of b and v. However, the normalized
self-correlation function of z~ drops very quickly and comes
to 1/e at only 11s. The highly Alfvénic fluctuations, the close
to —1 spectral index and the small correlation length of z~ all
imply that z~ could not be the inward Alfvénic fluctuations as
suggested by Wangetal. (2018). It may be the co-propagating
anomalous fluctuations generated in the imbalanced Alfvénic
turbulence (Yang etal., 2023). The different origin of z* and z~
may indicate different nonlinear interactions in AF from that in
MVAS.

Coherence is a useful window to unveil the nonlinear
interactions. Our work suggests that there may exist two kinds of
nonlinear interactions in the slow solar wind turbulence. One is in
the MVAS, completed by the z* and z~ generated by the MVAS.
Another is in the AF between the outward Alfvénic fluctuations
and the possible co-propagating anomalous fluctuations. The
two kinds may have other different properties, for example, the
spectral index of z*. However, due to the limitation of the data,
we do not obtain two clearly different statistical distributions of
the spectral index for both Alfvénic fluctuations and MVAS. The
uncertainty of density measurements may be a major reason.
Using the proton density estimated from QTN, we find that
the number of MVAS greatly decreases. Thus part of the MVAS
determined using SPC data could be pseudo structures and
z* and z~ both are influenced by the uncertainty, leading to a
larger value of their coherence. The measurement effect should
be investigated in the future. The differences between interval
A and interval B could also reflect two stages of the evolution
of the solar wind turbulence across scale or during the solar
wind expansion.
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