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Abstract

We study solar wind turbulence anisotropy in the inertial and energy-containing ranges in the inbound and
outbound directions during encounters 1-9 by the Parker Solar Probe (PSP) for distances between ~21 and 65 R,
Using the Adhikari et al. approach, we derive theoretical equations to calculate the ratio between the 2D and slab
fluctuating magnetlc energy, fluctuating kinetic energy, and the outward/ 1nward Elsdsser energy in the inertial
range. For this, in the energy-containing range, we assume a wavenumber k' power law. In the inertial range, for
the magnetic field fluctuations and the outward/inward Elsisser energy, we consider that (i) both 2D and slab
fluctuations follow a power law of k— 3/3and (ii) the 2D and slab fluctuations follow the power laws with k£ 5/3 and
k32 , respectively. For the velocity ﬂuctuatrons we assume that both the 2D and slab components follow a k&~ 3/2
power law. We compare the theoretical results of the variance anisotropy in the inertial range with the derived
observational values measured by PSP, and find that the energy density of 2D fluctuations is lar§er than that of the
slab fluctuations. The theoretical variance anisotropy in the inertial range relating to the k'3 and k=3/ % power
laws between 2D and slab turbulence exhibits a smaller value in comparison to assuming the same power law k> /3
between 2D and slab turbulence. Finally, the observed turbulence energy measured by PSP in the energy-
containing range is found to be similar to the theoretical result of a nearly incompressible/slab turbulence
description.

Unified Astronomy Thesaurus concepts: Interplanetary turbulence (830); Magnetohydrodynamics (1964); Solar
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wind (1534)

1. Introduction

Anisotropy is an important property of solar wind fluctua-
tions, describing the changes in the properties of turbulence
with respect to a direction relative to the magnetic field. Several
characterizations, such as (i) spectral anisotropy (Horbury et al.
2008; Podesta 2009; Bruno & Telloni 2015); (ii) variance
anisotropy (Bieber et al. 1996; Milano et al. 2004; Smith et al.
20006; Pine et al. 2020; Adhikari et al. 2022; Zhao et al. 2022),
and (iii) correlation anisotropy (Dasso et al. 2005, 2008;
Weygand et al. 2009; Wang et al. 2019; Bandyopadhyay &
McComas 2021) have been used to study the anisotropy in the
solar wind fluctuations. Spectral anisotropy refers to anisotropy
relative to the direction of the wavevector k. By contrast,
variance anisotropy refers to the magnitude of fluctuations in
directions parallel and perpendicular to the mean magnetic
field. As a result, these two concepts are independent of each
other (Matthaeus et al. 1996; Oughton et al. 2015).

Using Parker Solar Probe (PSP) magnetometer data and
following the approach used in Bieber et al. (1996),
Bandyopadhyay & McComas (2021), and Zhao et al. (2022),
we concluded that the energy density of 2D fluctuations
relative to the slab fluctuations is smaller close to the Sun than
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at larger distances. Specifically, Zhao et al. (2022) found that
over the distances of 27.95-64.5 R, the ratio between the
amplitudes of 2D and slab magnetic energies is about 0.43 (or
30%:70%), and between 64.5 and 129 R, it is about 1.63 (or
62%:38%). Their results differ from those observed at 1 au by
Bieber et al. (1996), where the ratio between the amplitudes of
2D and slab turbulence is about 4:1. The result of Bieber et al.
(1996) is similar to the theoretical prediction of a nearly
incompressible magnetohydrodynamic (NI MHD) theory for a
B,~0() or <1 plasma beta regime (Zank &
Matthaeus 1992a, 1992b, 1993; Zank et al. 2020).

In a similar study, Adhikari et al. (2022) used measurements
from both PSP and Solar Orbiter (SolO) together with the
B, ~0(1) NI MHD turbulence model (Zank et al. 2017) to
study the evolution of 2D and slab turbulence in the inner
heliosphere. The geometry between the mean magnetic field
and mean solar wind speed, characterized by the angle 05 (03
is the angle between the mean solar wind speed and mean
magnetic field, see Bieber et al. 1996; Zank et al. 2020), allows
one to differentiate between slab and 2D fluctuations observed
in the solar wind. By measuring turbulent fluctuations in
parallel (0° < 0yp < 25° or 155° < 65 < 180°) or orthogonal
(65° < Byp < 115°) geometry, Adhikari et al. (2022) identified
slab or 2D turbulence. Their results suggested that PSP
primarily measures slab-like turbulence near the perihelion of
the first orbit. By contrast, SolO observes both 2D and slab
turbulence more frequently, with 2D turbulence energy
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exceeding the slab turbulence energy. The results presented by
Adhikari et al. (2022) correspond to the energy-containing
range only. This manuscript investigates the evolution of
anisotropic turbulence in the inertial and energy-containing
ranges near the Sun in the super-Alfvénic solar wind flow in the
range of ~21-70 R, from a region closer to the Sun than that
studied previously by Bandyopadhyay & McComas (2021),
Zhao et al. (2022), and Adhikari et al. (2022).

Zank et al. (2017) developed the NI MHD turbulence
transport model equations in the 3,~O(l) regime for
calculating the radial evolution of 2D and slab turbulence
components in the energy-containing range (see also Wang
et al. 2022, for an NI MHD turbulence transport model
formulation in the (3, <1 regime). Adhikari et al. (2017)
derived a theoretical equation for the power anisotropy of
magnetic field fluctuations in the inertial range as a function of
energy-containing range fluctuating magnetic energy and the
correlation length. They found that for heliocentric distances of
2-10 au, the ratio between 2D and slab magnetic fluctuations in
the inertial range varies between 2.5 and 5, and then gradually
approaches 1 with increasing heliocentric distance. In this
study, we use the Adhikari et al. (2017) approach to calculate
theoretically the ratio between the inertial range 2D and slab
variances for magnetic field fluctuations, velocity fluctuations,
and Elsésser energies. For this, we derive the equations for the
magnetic field fluctuations, the outward and inward Elsisser
energies using two approaches: one in which both 2D and slab
turbulence components follow a power law of k—>/3 (where k is
the magnitude of the wavenumber), and the other in which the
2D and slab components follow the power laws of k> and
k=32, respectively. Similarly, we also derive the corresponding
equation for the velocity fluctuations, where 2D and slab
components follow a power law of k=3, As the theoretical 2D
and slab turbulence energies and correlation lengths in the
energy-containing range are required to calculate the inertial
range turbulence anisotropy, we obtain them by numerically
solving the solar wind (SW) + NI MHD turbulence transport
model equations (Zank et al. 2017; Adhikari et al. 2022). On
the other hand, we derive the observed ratio between the 2D
and slab turbulence energies in the inertial range directly from
the PSP measurements, by exploiting the geometry between the
background magnetic field and the solar wind speed (Bieber
et al. 1996; Zank et al. 2020; Adhikari et al. 2022).

This paper is organized as follows. In Section 2, we present
the theory of MHD inertial range turbulence. Section 3
discusses the observed transverse turbulence energy versus
the angle between the observed mean magnetic field and the
observed mean solar wind speed. Section 4 discusses the
comparison between the theoretical and observed results.
Finally, we summarize our work in Section 5.

2. MHD Inertial Range Turbulence Theory

The correlation tensors for slab (P}'(k)) and 2D (P;° (k))
turbulence are given by Zank (2014)

P = ¢ S it j =y, M)
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, if i, j = x,
kZ] RN ¢)

0, ifiorj=zg,

and PY' = 0 = P} The functions g"(k;) and g*"(k,) depend
on parallel and perpendicular wavevectors only. Using
Equations (1) and (2), and making the assumption that the
2D and slab magnetic fluctuations follow the power laws of the
form k' in the energy-containing range and k ° /3 in the
inertial range, Adhikari et al. (2017) derived the equation for
the ratio of the variances between the 2D and slab magnetic
fluctuations in the inertial range as
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where (B3,)"/¢" and (B3)"/¢" denote the variances of 2D and
slab magnetic fluctuations in the inertial/energy-containing
range, and A5 and A’ denote the 2D and slab correlation
lengths in the energy-containing range, and
Kinj ~ 1.07 x 10~ km ™" (Adhikari et al. 2017) is the injection
wavenumber. We assume k = 27w/ A, where A is the correlation
length.

Following the methodology of Adhikari et al. (2017) and
assuming that the 2D and slab outward and inward Elsdsser
energies exhibit power laws of k' and k=37 in the energy-
containing and inertial ranges, the ratio between the 2D and
slab variances of the outward/inward Elsésser energies in the
inertial range can be expressed as
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where (z;57)/¢" and (z32)/¢" denote the 2D and slab outward/
inward Elsdsser energies in the inertial/energy-containing
range, and A3, and A\ denote the corresponding 2D and slab
correlation lengths in the energy-containing range. We note that
Equations (3)—(5) are derived assuming the same power-law
form of k=>/3 for 2D and slab fluctuating magnetic energy and
Elsdsser energies. It has been found that the observed magnetic
fluctuations (Chen et al. 2020) and Elsdsser energies (Zank
et al. 2022) exhibit a k>/2 power law near the Sun. If 2D and
slab magnetic field fluctuations, and outward and inward
Elsdsser energies follow the power laws of k=3 and k372,
respectively, the ratios between 2D and slab components in the
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inertial range take the following form:
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where f; and f, are the frequencies in the inertial range, and
f>>fi. We use the relation w = 2nf= kU = k = 27if/ U, where
(w)fis the (angular) frequency, and U is the solar wind speed to
convert a wavenumber into a frequency provided the solar
wind flow is super-Alfvénic. Here, we use f; = 1.7 x 10> and
f>=1.7 x 10~ % Hz, corresponding to a 10 minute long interval
data set with a resolution of 1 minute, and excluding the kinetic
effects. We note that Equations (6)—(8) may not be applicable
in the sub-Alfvénic solar wind flow because one may need to
use a modified Taylor hypothesis to convert a wavenumber into
a frequency (see Zank et al. 2022).

To derive the ratio between the 2D and slab variances of
solar wind velocity fluctuations in the inertial range, we assume
that the 2D and slab velocity fluctuations exhibit a power law
of k2 in the inertial range. Note that the assumption of a
k32 power law is not related to that of magnetic field
fluctuations or Elsdsser energies. This is based on observational
studies (e.g., Zhao et al. 2020; Kasper et al. 2021) that often
find that solar wind velocity fluctuations follow a power law of
k—3/2. The expression for the ratio between the 2D and slab
velocity fluctuating energies in the inertial range can be
expressed as

: u \1/2
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where (u35)™/°" and (ug)™/*" denote the 2D and slab velocity
fluctuations in the inertial/energy-containing range, and A5,
and Ay denote the 2D and slab correlation lengths of the
velocity fluctuations in the energy-containing range.
Equations (3)—(9) contain the energy-containing range 2D
and NI/slab turbulence energies and correlation lengths, which
are obtained by numerically solving the SW + NI MHD
turbulence transport model equations (Adhikari et al. 2022). In
this study, Equations (3)-(9) provide the theoretical result of
the ratio between the 2D and slab turbulence energies in the
inertial range, which are then compared against PSP measure-
ments from encounters 1-9.

&)
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3. Turbulence Energy versus 63

In Figure 1, we show two different results obtained from a
day-long data set at the same heliocentric distance of ~0.18 au
during the PSP E9 encounter on 2021 August 6 (in the inbound
direction). The result shown in blue is calculated using
10 minute long intervals, which represents the inertial range.
The result shown in magenta is calculated using 4 hr long
intervals, representing the energy-containing range. In
Figure 1(A), we plot a histogram of ;. The blue histogram
ranges from 90°-70°, and exhibits a negative skewness of
—1.47. Similarly, the magenta histogram ranges from 155°-
175°, and shows a negative skewness of —0.78.

Using a day-long data set from 2021 August 6, we first
compute the transverse turbulence energies using 10 minute
and 4 hr long intervals, thereby eliminating the compressible
longitudinal (parallel to the mean magnetic field B) compo-
nents (Belcher & Davis 1971; Adhikari et al. 2022). We then
smooth the observed transverse components by binning the
results with a bin width of 10° (Figures 1(B)—(G)). It is evident
from Figure 1 that the transverse fluctuating magnetic energy
(B?), transverse fluctuating kinetic energy (u?), and transverse
Elsisser energies (zi%) in the inertial range (represented by blue
curves/stars) decrease as the angle 6yp increases from
Ous=97° to Oyp=165°. Similarly, the (B?), (uf), and (zi2)
in the energy-containing range (denoted by magenta curves/
stars) show a slight decrease as 0y ranges from 160°-169°.
Based on the assumption that turbulence measured in a highly
oblique flow yp — [65°-115°] or in a highly field-aligned
flow 0y — [0°-25°] or [155°~180°] can be regarded as 2D or
slab turbulence, respectively (Bieber et al. 1996; Zank et al.
2020; Adhikari et al. 2022), Figure 1 shows that the inertial
range turbulence consists of both 2D and slab turbulence,
whereas the energy-containing range turbulence consists of
slab turbulence only. However, PSP may also observe the
energy-containing range of 2D turbulence near the Sun,
although it is not very large (see Table 1). Note that the result
shown in Figure 1 is based on the geometry between the mean
solar wind speed and the mean magnetic field over 10 minute
and 4 hr long intervals. During a 4 hr long interval, the average
of the background magnetic field and solar wind speed
effectively eliminates 2D turbulence. Whereas during a
10 minute long interval, most background fields are arranged
radially. However, there are also cases where the background
fields are highly oblique (see Figure 1(A) and Table 1).

Based on the observed inertial range results (blue stars)
shown in Figures 1(B)—(G), we derive the ratio between the 2D
and slab turbulence energy. Here, the inertial range 2D
component is determined from the transverse component
satisfying the criterion 65° < fyp < 115°, and taking averaged
values. Similarly, the inertial range slab component is
determined from the transverse component satisfying the
criterion 6y — [0°-25°] or [155°-180°], and taking the
averaged values. In so doing, we assume that the solar wind
plasma properties are similar within the ~1 day period. The
ratio between the inertial range 2D and slab turbulence
components is as follows: (i) turbulent magnetic energy shows
a ratio of 2.9 (Figure 1(B)), (ii) turbulent kinetic energy shows
a ratio of 1.34 (Figure 1(C)), (iii) outward Elsdsser energy
shows a ratio of 3.18 (Figure 1(D)), and (iv) inward Elsésser
energy shows a ratio of 10.92 (Figure 1(E)). In contrast to the
results of Bandyopadhyay & McComas (2021) and Zhao et al.
(2022), the 2D turbulence energy exceeds the slab turbulence
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Figure 1. Panel (A): histogram of the angle between the mean solar wind speed and the mean magnetic field (6;5) corresponding to 10 minute and 4 hr long intervals
measured by PSP at 0.18 au during E9 on 2021 August 6 (in the inbound direction). Panels (B)-(G) represent the transverse fluctuating magnetic energy, fluctuating
kinetic energy, outward Elsdsser energy, inward Elsdsser energy, normalized cross helicity, and normalized residual energy as a function of 6, respectively. These
quantities are calculated by binning the results with a 10° bin width. The results in blue and magenta are calculated in 10 minute and a 4 hr long intervals, respectively.

Table 1
Values of 6,5 Computed during 4 hr and 10 minute Long Intervals in Both the Inbound and Outbound Directions from Encounters 1-9 of PSP between ~21 and 65
Re
Inbound Direction Outbound Direction
Oyp values 4 hr long interval 10 minute long interval 4 hr Long Interval 10 minute long interval
Fall within the range Total No. Total No. Total No. Total No.
[0°-180°] 274 (100%) 3843 (100%) 184 (100%) 3840 (100%)
[65°-115°] 21 (7.66%) 396 (10.3%) 15 (8.15%) 453 (11.79%)
[0°-25°] or [155°-180°] 160 (58.39%) 1660 (43.19%) 101 (54.89%) 1627 (42.23%)
energy in accordance with the NI MHD turbulence theory in flow, the solar wind fluctuations are more dominated by
the low and O(1) plasma beta regimes (Zank & fluctuating magnetic energy compared to field-aligned flows.

Matthaeus 1992b, 1993; Zank et al. 2017).
The inertial range normalized cross helicity (blue stars/

curve) o, which measures the energy difference between the 4. Radial Evolution of Anisotropic Turbulence

outward and inward Elsésser energies, shows a value of ~0.7 at In this section, we discuss the radial evolution of 2D and slab
Oy = 165° and ~0.2 at 0,5 = 97° (Figure 1(F)), meaning that turbulence energies theoretically and observationally as a
the 0§ is larger in the field-aligned flow than in the orthogonal function of heliocentric distance in the inbound and outbound

directions. We select the PSP SWEAP/SPAN, and FIELDS
data sets from encounters 1-9 (Bale et al. 2016; Kasper et al.
2016), and divide the data into inbound and outbound
directions. We discard data with wind speeds larger than
450km s~ ". In both directions, we first compute the transverse
turbulence energies ((BY), (u?), and (zi2)), and the angle 0 in

flow. Similarly, the inertial range normalized residual energy
(blue stars/curve) o, which measures the energy difference
between the fluctuating kinetic energy and magnetic energy
density, is about —0.5 at 6yp=165° and about —0.9 at
Oy =97° (Figure 1(G)), indicating that in the highly oblique



THE ASTROPHYSICAL JOURNAL, 965:94 (11pp), 2024 April 10

Table 2
Radial Profiles of the Observed Transverse Fluctuating Magnetic Energy,
Transverse Fluctuating Kinetic Energy, Transverse Outward /Inward Elsiisser
Energy, and the Transverse Normalized Cross Helicity in the Inbound and
Outbound Directions during Encounters 1-9 of PSP between ~21 and 65 R

Energy-containing Range

Turbulence Inbound Direction  Outbound Direction
<Bf> ,—3.62018 —3.852027
( ME ) [—0.9420.19 279063
( ZL+2> —0:99:£0.22 [~ 1:990.46
<ZL ) 0442038 ,—0.762:026
o ,—0-44:£0.06 ;05022

the 4 hr and 10 minute long intervals. In Table 1, we show the
Oyp values computed during 4 hr and 10 minute long intervals
for the inbound and outbound directions in the super-Alfvénic
solar wind flow between ~21 and 80 R.. In the inbound and
outbound directions, the total number of 6,5 values calculated
over 4 hr long intervals that fall within the [65°-115°] range are
21 and 15, respectively. Meanwhile, the number of 8y values
that fall within the [0°-25°] or [155°-180°] range are 160 and
101, respectively. As there are only a limited number (21 and
15) of A5 values in the [65°-115°] range, these data points are
excluded to prevent statistical inadequacies. Similarly, for
10 minute long intervals, the total number of 65 values within
the [65°-115°] range are 396 and 453 for the inbound and
outbound directions, respectively, and those within the [0°-
25°] or [155°-180°] range are 1660 and 1627, respectively.
Notably, the number of 6y values derived from 4 hr long
intervals is lower than those from 10 minute long intervals.
Averaging the background fields using 4 hr long intervals can
reduce nonradial flow and make it more radially aligned. To
determine the radial evolution of turbulence energy in the
inbound and outbound directions, we calculate the mean value
of the energy-containing range transverse turbulence energies
over a bin width of 10.75 R.. The radial proﬁles of the
observed energy-containing range (B?), (u?), (z1'%), and ¢ in
the inbound and outbound directions are shown in Table 2.
Applying the above previously discussed criteria for 853 over a
bin width of 10.75 R, we derive the 2D and slab turbulence
energies from the observed inertial range transverse turbulence
energies, and the ratio between them. Table 3 shows the radial
profiles of the ratio between the observed inertial range 2D and
slab fluctuating magnetic energy, fluctuating kinetic energy,
outward Elsdsser energy, and inward Elsdsser energy in the
inbound and outbound directions. We use these observed
results to validate the model results obtained from the theory
discussed in Section 2.

First, we solve the SW + NI MHD turbulence transport
model equations (Adhikari et al. 2022) with specific boundary
conditions (BCs) for both inbound and outbound directions, as
shown in Table 4. The BCs for slab turbulence and solar wind
parameters are obtained from the PSP measurements. For 2D
turbulence, the BCs are derived by scaling the BCs for slab
turbulence. In the inbound direction, the BCs for 2D turbulence
energy and 2D correlation length are assumed to be 3.5 and 0.5
times those for slab turbulence. By contrast, in the outbound
direction, the BCs for 2D turbulence energy and 2D correlation
length are assumed to be 2.5 and 0.5 times those for slab
turbulence. We use different multiplicative factors in the
inbound and outbound directions because the variance

Adhikari et al.

Table 3
Radial Profiles of the Ratio between the Observed Inertial Range 2D and Slab
Turbulence Energies in the Inbound and Outbound Directions during
Encounters 1-9 of PSP for Distances between ~21 and 65 R,

Inertial Range Turbulence Inbound Direction Outbound Direction

(B3b)/ (B 0372049 5052019
(u3n)/ (ud) p0:44£0.42 078022
() 22 0384057 ,0.9420.12
(22 >/<Zs ) /0225057 ,0:34:£0.26

anisotropy becomes different in these two directions. Table 5
shows the parameter values used in the SW + NI MHD
turbulence model for the inbound and outbound directions. We
compare the theoretical results of the energy-containing range
turbulence energies with the observed results measured by PSP.
Then, we calculate the theoretical results of the ratio between
the inertial range 2D and slab turbulence components as a
function of distance, and compare them with the PSP
measurements.

4.1. Inbound Direction

We first discuss the evolution of the energy-containing range
2D and slab turbulence energies with distance. As shown in
Figure 2, we compare the theoretical and observed slab
fluctuating magnetic energy (Figure 2(A)), slab fluctuating
kinetic energy (Figure 2(B)), slab outward Elsdsser energy
(Figure 2(C)), slab inward Elsésser energy (Figure 2(D)), slab
normalized cross helicity (Figure 2(E)), and slab normalized
residual energy (Figure 2(F)) with increasing distance. In the
figure, the solid orange curve corresponds to the theoretical NI/
slab turbulence prediction, the solid yellow curve to the
theoretical 2D turbulence, and the blue stars/dotted curve
identifies the observed slab turbulence quantities. Notably, both
the observed slab magnetic energy and the theoretical NI/slab
magnetic energy are relatively close with increasing distance.
Nevertheless, the observed slab turbulent energy experiences a
more rapid decrease compared to the theoretical NI/slab result.
The theoretical and observed slab magnetic energy stays below
the theoretical 2D magnetic energy. Regarding the turbulent
kinetic energy, the theoretical NI/slab kinetic energy aligns
reasonably closely with the observed kinetic energy. Further-
more, the theoretical 2D (u ) decreases more rapidly compared
to the theoretical NI/slab (u?).

As distance increases, both the theoretical 2D and NI/slab
(z+ > decrease. Similarly, the observed (z"?) also decreases,
and is relatively close to the theoretical NI/slab (z*?). The
observed (z %) decreases with 1ncreasmg distance, closely
aligning with the theoretical NI/slab (z~2). The theoretical
(z°7?) shows a decrease with distance.

The theoretical NI/slab normalized cross helicity and
normalized residual energy show a decreasing radial profile
with increasing distance, which are similar to the corresponding
observed values. Furthermore, the theoretical 2D normalized
cross helicity and 2D normalized residual energy decrease
more rapidly than their NI/slab counterparts.

Figure 3(A) shows a comparison between the theoretical and
observed results of the ratio between inertial range 2D and slab
fluctuating ~ magnetic  energy,  (B3,)"/(B3)",  and
(B, YIOMIN /(B IOMIN " reqpectively, as a function of distance.
In the figure, the solid orange curve is obtained assuming the
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Table 4
Boundary Values of Solar Wind Parameters and Turbulence Quantities at 22.37 R, for the Inbound Direction and at 21.55 R, for the Outbound Direction

Inbound Direction

Outbound Direction

Parameters Values Parameters Values Parameters Values Parameters Values
(zoo+2) (km? s72) 3.33 x 10* (z++2) (km*s™%) 953 x 10> (zoo+2) (km? s ?) 231 x 10* (z++2) (km?*s™2) 9.23 x 10°
(z20-2) (km*s™%) 4.66 x 10° (zx2) (km?s™) 133 x10°  (z2) (km®s7?) 2.8 x10° (z+-2) (km? s™2) 1.1 x10°
EF (km?s™?) —3.15 x 10° E} (km? s72) -9 x 107 EY (km®s™?) —2.5 x10° Ef (km*s™2) —1.0 x 10°
AL (km) 1.15 x10° AL (km) 231 x10° AL (km) 6.9 x10* Ay (km) 1.38 x10°
A (km) 1.5 x10° Ay (km) 3.0 x10° Ay (km) 9.65 x10* Ay (km) 1.93 x10°
A% (km) 2.86 x 10° N5 (km) 571 x10° A% (km) 1.70 x10° X (km) 3.4 x10°
T, (K) 494 % 10° T, (K) 3.92 x 10° T, (K) 438 x10° T, (K) 3.5 x10°
U (kms™") 2.65 x102 p em™?) 136 x 10° U (kms™") 247 x10* p em™?) 1.59 x 10°
Table 5

Values of the Parameters Used for the SW + NI MHD Turbulence Model in the Inbound and Outbound Directions

Inbound Direction Outbound Direction
Parameters Values Parameters Values Parameters Values Parameters Values
Vo (kms™) 129.17 C;h 0.6 Vao (km s™h) 97.85 Gy 0.6
AU (km s™") 200 Coh 0.6 AU (km s™") 200 Cy, 0.6
@ 0.03 ckp —0.1 @ 0.03 ckp —0.1
f&j 0.015 Cx* 0.18 Jéi 0.015 Cx* 0.18
b 0.5 Ch 0.18 b 0.5 Ch 0.18

C¥Ep —0.03 CxEp —0.03

same k>3 power law between 2D and slab turbulence. By
contrast, the solid yellow curve is obtained by supposing that
2D and slab turbulence follow the power laws of k>’ and
k32, respectively. Clearly, the variance anisotropy of
magnetic field fluctuations in the former case exceeds that in
the latter case, due to the more rapid decrease of slab
turbulence in the former case compared to the latter. Both the
theoretical (B3,)"/(B2)" and observed (B3,)"MIN /(B3)IOMIN
results (blue stars/dotted curve) are in good agreement, with
both ratios exceeding 1 between 22.37 and 70 Rs. This
indicates that turbulent magnetic energy is predominantly 2D
rather than slab, an interpretation more closely aligned with the
NI MHD theory (Zank & Matthaeus 1992b, 1993; Zank et al.
2017).

For the fluctuating kinetic energy, the theoretical
(ugo)*/(ud)" decreases more rapidly within ~33 R, followed
by a slower decrease (Figure 3(B)). The theoretical ratio closely
resembles the observed (u7)!OMIN /(3 2)IOMIN,

Figure 3(C) compares the theoretical (z,17)" /(z;>)" and the
observed (z,pZ)/OMIN /(7 F2)IOMIN yith increasing distance. As
before, the solid orange curve shows the theoretical result
assuming the same power law of k=33 for 2D and slab
turbulence. Evidently, the solid orange curve exhibits a larger
value in comparison to the solid yellow curve, which is
calculated by assuming k> /3 and k372 power laws for 2D and
slab turbulence, respectively. Both theoretical (solid curves)
and observed (blue star symbols/dotted curves) ratios are
found to be larger than 1, implying that in the inertial range
(z52) is the dominant component, and (z,?) is the minority
component. Likewise, Figure 3(D) compares the theoretical
()" [{zg2)" and the observed (z,7)!OMIN /(z 12)IOMIN patios,
In this case, the solid orange curve also shows a larger value
compared to the solid yellow curve. Both theoretical (solid
curves) and observed (blue star symbols/dotted curves) ratios
are also found to be larger than 1, indicating that the 2D

component dominates. Again, these results can be interpreted
in terms of the NI MHD theory (Zank &
Matthaeus 1992b, 1993; Zank et al. 2017).

4.2. Outbound Direction

Figures 2 and 4 illustrate the radial evolution of the energy-
containing range 2D and slab fluctuating magnetic energy
(Figure 4(A)), fluctuating kinetic energy (Figure 4(B)), outward
Elsdsser energy (Figure 4(C)), inward Elsidsser energy
(Figure 4(D)), normalized cross helicity (Figure 4(E)), and
normalized residual energy (Figure 4(F)), but now for the
outbound direction. The solid orange and yellow curves denote
the theoretical slab and 2D turbulence energies, respectively,
and the blue stars/dotted curves indicate the observed values.
Clearly, Figure 4 shows that the theoretical NI/slab fluctuating
magnetic energy, fluctuating kinetic energy, outward/inward
Elsédsser energy, normalized cross helicity, and normalized
residual energy are in agreement with the corresponding
observed values as a function of distance. The theoretical 2D
fluctuating magnetic energy, and 2D outward /inward Elsésser
energy exhibit larger values compared to their theoretical NI/
slab counterparts. However, the theoretical 2D fluctuating
kinetic energy remains below the theoretical NI/slab (u?).
Similar to the inbound direction, the theoretical 2D o, and op
in the outbound direction decrease more rapidly than the
theoretical NI/slab o, and op, respectively.

In Figure 5(A), we compare the theoretical (B7,)" /(B3)" and
the observed (B3,)!MIN/(B2)IOMIN with increasing distance,
where both theoretical (solid curves) and observed (blue stars/
dotted curves) results reasonably agree with each other, and
exhibit values larger than 1. Similar to above, the theoretical
result of (B)i" /(B3 (solid yellow curve) assumes the same
k>/3 power law for 2D and slab turbulence is larger than the
theoretical (B3,)"/(B3)" (solid yellow curve) obtained by
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Figure 2. Comparison between the theoretical and observed energy-containing range 2D and slab fluctuating magnetic energy (A), fluctuating kinetic energy (B),
outward Elsisser energy (C), inward Elsédsser energy (D), normalized cross helicity (E), and normalized residual energy (F) as a function of distance in the inbound
direction during encounters 1-9 of PSP. Blue stars/dotted curves denote the observed slab turbulence energy calculated using 4 hr long intervals. Solid yellow curves
represent the theoretical NI/slab results, and the solid orange curves the theoretical 2D results.

assuming k33 and k32 power laws for 2D and slab
turbulence, respectively. We find again that the inertial range
2D fluctuating magnetic energy dominates the inertial range
slab fluctuating magnetic energy. In Figure 5(B), the average
observed (uz,)/OMIN /(3 )IOMIN §q Jess than 1 from 22.56 to
41.65 R., and then increases, while the theoretical
(u)"/(ud)* decreases from 22.56 to 41.65 R., and then
remains approximately constant.

Figure 5(C) compares the theoretical (z,17)" /(z;?)" and the
observed (z,p)/OMIN /(7 F2)IOMIN a5 3 function of heliocentric
distance. The theoretical (solid curves) and observed (blue
stars /dotted curves) results show reasonable agreement, with
the theoretical inertial range <z§,52> consistently larger than the

theoretical inertial range (z;2), but the observed ratio is less
than 1 within 41.65 R, and then larger than 1. Here, the solid
orange curve (for a k33 power law for both 2D and slab
turbulence) also shows a larger value compared to the solid
yellow curve (assuming a k— /3 power law for 2D turbulence
and a k—3/? power law for slab turbulence) as a function of
distance. Similarly, in Figure 5(D), the theoretical
()T /(zg 2" (solid yellow curve) is consistent with the
observed (7,55 )!MIN/(z 2)IOMIN " with the theoretical and
observed ratios being larger than 1. The orange curve exhibits
a larger value than the yellow curve. Again, the interpretation
of these results is consistent with the beta small or O(1) plasma
beta NI MHD theory (Zank & Matthaeus 1992a, 1992b, 1993;
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Figure 3. Comparison of the theoretical (solid curves) and observed ratio (blue stars/dotted curves) of the inertial range 2D and slab turbulence components as a
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ener%y, outward Elsisser energy, and inward Elsdsser energy. The solid orange curve assumes that the 2D and slab turbulence possess the same power-law form of

K

Zank et al. 2017), in which the 2D component is the dominant
component and the slab component is a minority component.

5. Discussion and Conclusions

The radial evolution of anisotropic turbulence as expressed
in terms of magnetic field fluctuations, velocity fluctuations,
and outward /inward Elsisser energy in the inertial range (and
in the energy-containing range) was investigated for the
inbound and outbound directions during encounters 1-9 of
PSP between ~21 and 65 R, from a region closer to the Sun
than those of previous studies (Bandyopadhyay & McCo-
mas 2021; Adhikari et al. 2022; Zhao et al. 2022). For this, we
derived an equation describing the variance anisotropy for
magnetic field fluctuations, velocity fluctuations, and inward
and outward Elsédsser energies in the inertial range. We used the
Adhikari et al. (2017) approach, i.e., a dimensional analysis
between the power spectra in the energy-containing and inertial
ranges. In the energy-containing range, we assumed a k'
power law for the magnetic field fluctuations, velocity
fluctuations, and inward and outward Elsédsser energies. In
the inertial range, for the magnetic field fluctuations, and the
outward and inward FElsdsser energies, we used two
approaches: one in which both 2D and slab turbulence exhibit
a Kolmogorov power law of k> /3, and the other in which the
2D and slab turbulence have different power laws of k=33 and
k32, respectively. For the velocity fluctuations, we assumed
that both 2D and slab components follow a k> /2 power law.
As the inertial range variance anisotropy equations contain the
energy-containing range 2D and slab turbulence energies and
correlation lengths, we obtained them by numerically solving
the SW + NI MHD turbulence transport model equations
(Zank et al. 2017; Adhikari et al. 2022). We compared the
theoretical result of the ratio between 2D and slab fluctuating
magnetic energy, fluctuating kinetic energy, and outward/
inward Elsdsser energy in the inertial range with the

. The solid yellow curve assumes that the 2D and slab turbulence exhibit a power law of k73 and k372, respectively.

corresponding observed results derived from the PSP measure-
ments. We summarize our findings as follows.

1. In the inbound direction during the PSP encounters 1-9

between ~21 and 65 R, the total number of 65 values
computed over 4 hr long intervals is 274. Among these,
21 (7.66%) fall within the range of [65°-115°], and 160
(58.39%) fall within the range of [0°-25°] or [155°-
180°]. Similarly, the total number of 65 values derived
over 10 minute long intervals is 3843, with 396 (10.3%)
falling in the [65°-115°] range, and 1660 (43.19%)
falling in the [0°~25°] or [155°-~180°] range.

. In the outbound direction, the total number of 6,5 values

derived over 4 hr long intervals is 184, with 15 (8.15%)
falling in the [65°~115°] range, and 101 (54.89%) falling
in the [0°-25°] or [155°-180°] range. Likewise, for
10 minute long intervals, the total number of ;5 values
is 3840, with 453 (11.79%) falling in the
Oys — [65°-115°] range, and 1627 (42.23%) falling in
the 6y — [0°-25°] or [155°~180°] range.

. At a heliocentric distance of 0.18 au, a histogram of 0

corresponding to 10 minute long intervals displays a
distribution of fyp spanning from 90°-170°, with a
negative skewness of —1.47. However, when considering
a 4hr long interval, the histogram of 6yz with a
skewness of —0.78, varies between 155° and 175°. This
suggests that in certain instances, PSP may not observe
2D turbulence, as the background fields tend to exhibit a
more radial orientation than an oblique one.

. The transverse fluctuating magnetic energy, transverse

fluctuating kinetic energy, and the transverse outward/
inward Elsédsser energy exhibit a maximum value near
0ys=90°, and a minimum value near 6, = 180°.

. The transverse normalized cross helicity shows a

minimum value near 0y =90°, and a maximum value
near Oy = 180°. Similarly, the transverse normalized
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Figure 4. Radial evolution of 2D and slab turbulence as a function of distance in the outbound direction of PSP during encounters 1-9 of PSP. The format of the figure

is similar to Figure 2.

residual energy becomes more negative in the vicinity of
orthogonal flows unlike when in the vicinity of radially
aligned flows.

6. The theoretical and observed ratios of the inertial range
2D and slab fluctuating magnetic energies show good
agreement with increasing distance in the inbound and
outbound directions. These ratios in both directions
exceed a value of 1, consistent with the expectations of
<1 or O(l) plasma beta NI MHD theory (Zank &
Matthaeus 1992a, 1992b, 1993). However, it is note-
worthy that in the inbound direction, this ratio exhibits a
larger value compared to the outbound direction, which
may indicate that magnetic field fluctuations in the

inbound direction were more anisotropic than those in the
outbound direction.

. The theoretical ratio of 2D and slab fluctuating kinetic

energy reasonably agrees with the observed ratio in both
inbound and outbound directions. In the inbound
direction, the ratio exhibits a larger value compared to
the outbound direction, which may also indicate that
velocity fluctuations were more anisotropic in the
inbound direction.

. The theoretical and observed ratios of the inertial range

2D and slab energy in the outward/inward Elsisser
energy are in agreement in both directions. In both cases,
these ratios exceed 1, consistent with the NI MHD



THE ASTROPHYSICAL JOURNAL, 965:94 (11pp), 2024 April 10

6 Inertial range
A) & <B §D> 10MIN /<B §|> 10MIN
5F Model (2D ~ k™% slab ~ k93| 1
Model (2D ~ k™ slab ~ k®?)
A gl |
N »
m
\4
S 8t \\—/ 1
(\Eng zf;7 ,J:Z’-
v 2 1 i i 1
1 L 4
0
6
C)
5 L 4
A
o 4r 7
+ o
N
v 3¢ ]
A
A
v 2T 7
A_v>
1t % < X 1
0 ‘ ‘
20 40 60
/R

Adhikari et al.

Inertial range

T
2 10MIN 2 _ 10MIN
B) ®o<u 0> /<u 9>

Model (2D ~ k™32 slab~ k™®?)[]

2
2D >/< U 9>
w £

. .

<u
{;/
T
&
g

2

D)

2
Nig
<

‘N

Y3 A, ]

3 % %

Y A

N2 iys e 7
1 L 4
0 \ \
20 40 60

t/Ro

Figure 5. Comparison of the theoretical (solid curves) and observed ratio (blue stars/dotted curves) of the inertial range 2D and slab turbulence energies as a function
of distance in the outbound direction during encounters 1-9 of PSP. The format of the figure is similar to Figure 3.

turbulence theory (Zank &
Matthaeus 1992a, 1992b, 1993). The ratio in the inbound
direction exhibited a larger value compared to the
outbound direction.
9. In the energy-containing range, the theoretical results of
the NI/slab fluctuating magnetic energy, fluctuating
kinetic energy, outward/inward Elsdsser energy, and
normalized cross helicity and residual energy are
relatively close to those measured by PSP.
The theoretical variance anisotropy in the inertial range
relating to the k>3 and k3% power laws between 2D
and slab turbulence exhibits a smaller value compared to
assuming the same power law k>3 between 2D and slab
turbulence.

10.

We find that solar wind fluctuations in the young solar wind,
i.e., near the Sun, are predominantly 2D and not slab,
consistent with previous findings from theoretical and observa-
tional studies (Zank & Matthaeus 1992b, 1993; Bieber et al.
1996; Zank et al. 2017; Adhikari et al. 2022). This conclusion
is contrary to the prior results of Bandyopadhyay & McComas
(2021) and Zhao et al. (2022), indicating that a closer analysis
is warranted, possibly using the mode-decomposition analysis
developed recently by Zank et al. (2023), which is distinct from
both these analyses and that presented here. An intriguing
prospect is to extend this analysis from the sub-Alfvénic region
to the super-Alfvénic region, including distances up to 1 au.
This will generate valuable insights into solar wind dynamics in
a broader spatial range.
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