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Abstract

Turbulence, a ubiquitous phenomenon in interplanetary space, is crucial for the energy conversion of space plasma
at multiple scales. This work focuses on the propagation, polarization, and wave composition properties of the
solar wind turbulence within 0.3 au, and its variation with heliocentric distance at magnetohydrodynamic scales
(from 10 s to 1000 s in the spacecraft frame). We present the probability density function of propagation
wavevectors(PDF(kP, k� )) for solar wind turbulence within 0.3 au for the� rst time:(1) wavevectors cluster quasi-
(anti-)parallel to the local background magnetic� eld for kdi�< �0.02, wheredi is the ion inertial length;
(2) wavevectors shift to quasi-perpendicular directions forkdi�> �0.02. Based on our wave composition diagnosis,
we � nd that: the outward/ anti-sunward Alfvén mode dominates over the whole range of scales and distances, the
spectral energy density fraction of the inward/ sunward fast mode decreases with distance, and the fractional
energy densities of the inward and outward slow mode increase with distance. The outward fast mode and inward
Alfvén mode represent minority populations throughout the explored range of distances and scales. On average, the
degree of anisotropy of the magnetic� uctuations de� ned with respect to the minimum variation direction decreases
with increasing scale, with no trend in distance at any scale. Our results provide comprehensive insight into the
scenario of transport and transfer of the solar wind� uctuations/ turbulence in the inner heliosphere.

Uni� ed Astronomy Thesaurus concepts:Heliosphere(711); Alfven waves(23); Slow solar wind(1873);
Interplanetary turbulence(830)

1. Introduction

The solar corona dynamically expands into interplanetary
space in the form of the continuous solar wind(Parker1958;
Coleman1966), the birth and the acceleration mechanism of
which are still not well understood(Tu et al.2005; He et al.
2007; Cranmer & Winebarger2019). The solar wind� owing
into interplanetary space carries information about its source
region, and involves diversi� ed nonlinear physical processes
(Tu & Marsch1995; Bruno & Carbone2013). It is essential to
investigate the nature of near-Sun� uctuations in order to
analyze and understand these nonlinear physical processes as
well as the heating and acceleration mechanisms of the
solar wind.

The statistical properties of the solar wind generally vary
with speed, location, and type of source region and heliocentric
distance(Bavassano et al.1982; Tu et al.1989; He et al.2013;
Matteini et al.2014; Horbury et al.2018; Stansby & Horbury
2018; Perrone et al.2019; Wang et al.2019; Bandyopadhyay
et al.2020; Chen et al.2020; Chhiber et al.2020; Duan et al.
2020; Qudsi et al.2020). Tu et al.(1989) contrast the properties
of magnetohydrodynamic(MHD) turbulence between high-
speed and low-speed solar wind at 0.3 au using the spectra of
Elsässer variables, cross helicity, residual energy, Alfvén ratio,
and Elsässer ratio. They consider that, compared to the high-
speed wind, the turbulence evolves in an advanced state in slow
wind, due to the longer expansion time. Thez+ andzŠare close
to a balanced state with an approximateŠ1.67 spectral index.
The mode composition therein is dominated by the Alfvén

mode and slow mode in the incompressible limit(Dobrowolny
et al.1980). Bavassano et al.(1982) studied the variation of the
nature of the� uctuations with heliocentric distance and scale in
the trailing edge of a stream interaction region. The anisotropy
de� ned with respect to the direction corresponding to the
minimum eigenvalue decreases as the heliocentric distance
increases and the scale decreases. The magnetic� eld closer to
the Sun is more compressed. However, Chen et al.(2020)
reported the evolution of solar wind turbulence from 0.17 au to
1 au, recently, and� nd at 0.17 au that:(1) the spectra of
magnetic� eld, velocity, and Elsässer variables present aŠ3/ 2
slope at MHD scales;(2) the magnetic� eld is less compressed;
and (3) the outward-propagating Alfvén waves are more
dominant than at 1 au. Fast solar wind is characterized by
highly Alfvénic � uctuations, although a new type of Alfvénic
slow solar wind, possibly coming from quiet-Sun regions or
coronal-hole boundaries, has been reported at distances from
0.3 au to 1 au(D’Amicis & Bruno 2015; Wang et al.2019;
Parashar et al.2020; Perrone et al.2020). It is of interest to
study this kind of solar wind, on account of its distinct
properties, which differ from the classical slow solar wind.

Even if we relax the assumption of a pure superposition of
linear waves, nonlinear turbulent� uctuations still retain certain
polarization and correlation properties of linear modes(Tu &
Marsch1995). When we use the term“wave,” we refer to the
mode composition of the� uctuations within this wave-
turbulence paradigm. The composition of wave modes in the
solar wind near 1 au has been extensively studied and
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controversially discussed. There are many means to diagnose
the wave modes: correlation analysis between velocity and
magneticfieldfluctuations(Wang et al.2012; Šafránková et al.
2019), cross-helicity analysis(Roberts et al.1987), comparison
of the MHD dispersion relations derived from measurements
with theory predictions(Shi et al.2015), and mode-recognition
methods (Glassmeier et al.1995; Narita & Marsch 2015;
Chaston et al.2020). According to these studies, non-
compressive outward Alfvén modes dominate thefluctuations
in the solar wind especially in fast streams(Bruno & Carbone
2013). Compressive waves likely suffer strong Landau
damping(Barnes1966), resulting in their suppression in the
overall fluctuations. Correlations among variables(e.g.,

magnetic pressure, thermal pressure, density, and temperature)
show that the compressive component of magnetosonic waves
and pressure-balanced structures exists simultaneously(PBSs;
Kellogg & Horbury2005; Yao et al.2011; Yang et al.2017).
The majority of the compressivefluctuations is slow-mode-like
rather than fast-mode-like in polarization(Howes et al.2012;
He et al.2015; Shi et al.2015). In situ observations show that
the Alfvénicity decreases with heliocentric distance, which is
potentially caused by the increased contribution of inward-
propagating Alfvén waves or the compressivefluctuations
(Bruno & Bavassano1993).

To further comprehend the underlying multi-scale nature and
evolution of near-Sun turbulence, we systematically study the

Figure 1. Time sequences overview of magnetic and plasma measurements during PSP’s first encounter. Panel(a): magneticfield strength( B∣ ∣) and proton density
(Np). Panels(b), (c), and(d): magneticfields(B B B, ,R T N) and proton bulk velocities(V V V, ,R,p T,p N,p) in RTN coordinates. Panel(e): proton density(Np) and thermal
velocity (Wp). Panel(f): plasma beta(β) and heliocentric distance(R) of spacecraft’s position.
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variation of the fluctuations’ properties with scale and
heliocentric distance within 0.3 au. The properties include the
propagation direction of the wave, the mode composition, and
the characteristic anisotropy on average. In Section2, we
briefly introduce the data sets that we use. In Section3, we
present our methods and analysis results, and give our
summary and conclusions in Section4. Our observations
provide observational evidence for the verification of existing
theoretical models at closer heliocentric distances, and also
impose constraints on the improvement of existing theoretical
models and the proposal of new models.

2. Data Sets and Data Deduction

We conduct our analysis using the data obtained from Parker
Solar Probe(PSP), which is the closest human-built satellite to
the Sun up to now(Fox et al. 2016). We use the Level-2
magneticfield data supplied by the Flux-gate Magnetometer
(MAG; Bale et al.2016) and the Level-3i proton data provided
by the Solar Probe Cup(SPC; Kasper et al.2016). The time
interval investigated spans from UTC2018-10-31/20:00:00 to
UTC2018-11-10/15:00:00 in which period PSP cruised
between 0.166 au(35.78 solar radii) and 0.243 au(56.37 solar
radii). The interval that we choose is shorter than the high-
cadence interval around thefirst perihelion, because there are
several sampling gaps longer than 30 minutes in the other
intervals from which the SPC data are unavailable. We analyze
time periods of thefluctuations in the range from 10 s to 1000 s,
corresponding to MHD scales in the plasma frame. We do not
exclude the so-called“switchback” patterns that exist among
various scales(see Bale et al.2019; Kasper et al.2019; Dudok
de Wit et al.2020).

For the analysis of propagation direction andfluctuation
anisotropy, we use the Singular Value Decomposition(SVD)
method to resolve the frequencies and wavevectors of the
waves based on Faraday’s law. We estimate the three singular
values of the spectral matrix(Equation(8) of Santolík et al.
2003), based on the principle of divergence-free magneticfield.
We estimate the electricfield at MHD scales for our SVD
analysis asE=−Vi×B (Shi et al.2015), whereVi is the
proton bulk velocity obtained from SWEAP/SPC. We note that
only one wavevector is solved for every specific frequency
with the SVD method. Therefore, the resolved frequency and
wavevector can be regarded as the frequency and wavevector
of the major wave mode. In reality, it is possible that multiple
wave modes exist in the turbulence at the same time and scale.
For the mode composition analysis, we use the method
suggested by Glassmeier et al.(1995), and obtain the
contributions of the six MHD modes(parallel and anti-parallel
propagating Alfvén mode, fast mode and slow mode) to the
fluctuations. We estimate the spectral energy density of each
mode ase S f t e,i

T
isc( ) , whereS f t,sc( ) is the spectral density

matrix as defined by Glassmeier et al.(1995) and ei is the
eigenvector of the corresponding mode.

3. Analysis Results

We present an overview of the observed magneticfield and
plasma measurements in Figure1. To highlight the correlated
fluctuations of the variables over such a long duration of about
10 days, we smooth all the measurements with a running
window of 30 min. Figure1(a) shows that the proton density
(Np) and the magneticfield strength ( B∣ ∣) decrease with
increasing heliocentric distance. The three components of the

Figure 2. Panels(a1), (b1), and(c1): PDFs of the wavevector in - ^k d k di i∣ ∣ ∣ ∣ space in the range of 0.180 au–0.185 au, 0.209 au–0.214 au, and 0.238 au–0.243 au,

respectively. The white solid lines represent the relation betweenkP andk⊥ as predicted from the phenomenology of critical balance,~ ^k k k0

2
3

1
3

 , wherek0 is the
wavenumber of the outer scale. Panels(a2), (b2), and(c2): PDFs of the propagation angle(qk,B0) at differing scales(kdi), in the corresponding distance ranges.
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magnetic field (B B B, ,R T N) and the proton velocity
(V V V, ,R,p T,p N,p) in RTN coordinates are positively correlated,
respectively, which suggests that the large-scale outward-
propagating Alfvénicfluctuations are dominant during this
encounter. The proton thermal velocity(Wp) varies between
50 km s−1 and 100 km s−1 and there is no global correlation
between the proton density and the thermal velocity. The
plasma beta(βp) is around 2, which does not exhibit a
significant variation with heliocentric distance(R).

We solve the wavevector, tk R t,( ( )), at different helio-
centric distances(R(t)) and periods(τ), whereR is a function of
time (t). The local background magneticfield, tB R t,0 ( ( )), is
acquired by Gaussian-weighting of the magneticfield time
series at timet, where the width of the Gaussian profile is
defined by the periodτ (Podesta2009). We then calculate the
angles betweenk andB0, q t R t,k,B0 ( ( )). Figure2 (a1), (b1) and
(c1) show the probability distribution functions(PDFs) of
wavevectors in three distance ranges. Forkdi>0.02, the
wavevectors cluster around the quasi-perpendicular direction.

For <kd 0.02i , the most probable wavevectors are quasi-
parallel, relative to the local background magneticfield.
Figure2 (a2), (b2), and(c2) show the PDFs ofqk,B0 depending
on kdi, in three different distance ranges. The propagation
angles are close to 160° for kdi<0.02, and close to 90° for
kdi<0.02. This indicates that the propagation angles are scale-
dependent and turn from quasi-parallel at large scales to quasi-
perpendicular at small scales.

We carry out a mode composition diagnosis(Glassmeier
et al. 1995) and directly obtain the fractional contributions of
the six MHD wave modes, at different heliocentric distances
and periods. According to the radial component of the local
background magneticfield, = B eB r r0 0 · ˆ , we transform the
parallel and anti-parallel modes into outward/anti-sunward
modes when >k B 00· , and inward/sunward modes when

<k B 00· , respectively. The variation results of the averaged
fractions of the transformed MHD modes are shown in
Figure 3. The upper three panels show the variation of the
fractions of the MHD modes with period averaged over the

Figure 3. Top row: the period-dependent variation of the spectral fractions of the six MHD modes, i.e., outward/anti-sunward(solid line) and inward/sunward
(dashed line) propagating Alfvén modes(green), fast modes(blue), and slow modes(red), as averaged over different distance ranges: 0.180 au–0.185 au(top-left
panel), 0.209 au–0.214 au(top-middle panel) and 0.238 au-0.243 au(top-right panel), respectively. Bottom row: the heliocentric distance variation of the spectral
fractions of the six MHD modes as averaged over the timescale(period) from 10 to 1000 s. The lime shadow sections correspond to the distance ranges used for the
averaging of the intervals in the top row.
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