N

N

Evolution of anisotropic turbulence in the fast and slow
solar wind: Theory and Solar Orbiter measurements
L. Adhikari, G. P. Zank, L. -L. Zhao, D. Telloni, T. S. Horbury, H. O’Brien,
V. Evans, V. Angelini, C. J. Owen, P. Louarn, et al.

» To cite this version:

L. Adhikari, G. P. Zank, L. -L. Zhao, D. Telloni, T. S. Horbury, et al.. Evolution of anisotropic
turbulence in the fast and slow solar wind: Theory and Solar Orbiter measurements. Astronomy and
Astrophysics - A&A, 2021, 656, 10.1051/0004-6361/202140672 . insu-03672351

HAL Id: insu-03672351
https://insu.hal.science/insu-03672351

Submitted on 19 May 2022

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://insu.hal.science/insu-03672351
https://hal.archives-ouvertes.fr

A&A 656, A6 (2021)
https://doi.org/10.1051/0004-6361/202140672
© ESO 2021

Solar Orbiter First Results (Cruise Phase)

tronomy
Astrophysics
Special issue

Evolution of anisotropic turbulence in the fast and slow solar wind:

Theory and Solar Orbiter measurements

L. Adhikari!, G. P. Zank2, L.-L. Zhao?, D. Telloni3, T. S. Horbury4, H. O’Brien®, V. Evans?, V. Angelini4,
C.J. Owen’, P. Louarn®, and A. Fedorov®

! Center for Space Plasma and Aeronomic Research (CSPAR), University of Alabama in Huntsville, Huntsville, AL 35899, USA
e-mail: 1a0004@uah.edu

Department of Space Science, University of Alabama in Huntsville, Huntsville, AL 35899, USA

National Institute for Astrophysics—Astrophysical Observatory of Torino Via Osservatorio 20, 10025 Pino Torinese, Italy
Department of Physics, The Blackett Laboratory, Imperial College London, London, UK

Mullard Space Science Laboratory, University College London, Holmbury St. Mary, UK

Institut de Recherche en Astrophysique et Planétologie (IRAP), Toulouse Université de Toulouse, CNRS 5 UMRS5277, Toulouse,
France

[ RV RN SRV )

Received 26 February 2021 / Accepted 19 April 2021

ABSTRACT

Aims. Solar Orbiter (SolO) was launched on February 9, 2020, allowing us to study the nature of turbulence in the inner heliopshere.
We investigate the evolution of anisotropic turbulence in the fast and slow solar wind in the inner heliosphere using the nearly
incompressible magnetohydrodynamic (NI MHD) turbulence model and SolO measurements.

Methods. We calculated the two dimensional (2D) and the slab variances of the energy in forward and backward propagating modes,
the fluctuating magnetic energy, the fluctuating kinetic energy, the normalized residual energy, and the normalized cross-helicity as
a function of the angle between the mean solar wind speed and the mean magnetic field (6y), and as a function of the heliocentric
distance using SolO measurements. We compared the observed results and the theoretical results of the NI MHD turbulence model as
a function of the heliocentric distance.

Results. The results show that the ratio of 2D energy and slab energy of forward and backward propagating modes, magnetic field
fluctuations, and kinetic energy fluctuations increases as the angle between the mean solar wind flow and the mean magnetic field
increases from 6y = 0° to approximately 8y = 90° and then decreases as 8y — 180°. We find that solar wind turbulence is
a superposition of the dominant 2D component and a minority slab component as a function of the heliocentric distance. We find

excellent agreement between the theoretical results and observed results as a function of the heliocentric distance.

Key words. solar wind — turbulence

1. Introduction

Anisotropy is a local property of turbulence in solar wind
plasma in which the properties of velocity and magnetic field
fluctuations are different in directions perpendicular and parallel
to the mean magnetic field By. The anisotropy of solar wind
turbulence exhibits different properties in fast and slow solar
wind (Dasso et al. 2005; Adhikari et al. 2018). Anisotropy
takes different forms, such as in that (i) the power spectral
indices can differ for parallel kj and perpendicular k;, wavenum-
bers with respect to the mean magnetic field (Horbury et al.
2008; Podesta 2009; Wicks et al. 2010; Narita et al. 2010;
Bruno & Telloni 2015), (ii) the power differs in parallel and
perpendicular fluctuations (Montgomery 1982; Matthaeus et al.
1990; Bieber et al. 1996; Milano et al. 2004; Ruiz et al. 2011;
Pine et al. 2020), and (iii) the correlation functions differ
in directions parallel and perpendicular to the mean mag-
netic field (Dasso et al. 2005, 2008; Matthaeus et al. 2005;
Weygand et al. 2009; Osman & Horbury 2007; Wang et al.
2019). Anisotropy has been studied theoretically and numer-
ically (Montgomery & Turner 1981; Shebalinetal. 1983;
Grappin 1986; Zank & Matthaeus 1992a,b, 1993; Grappin et al.
1993; Goldreich & Sridhar 1995; Ghosh et al. 1998; Dong et al.
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2014; Verdini & Grappin 2015, 2016; Zank et al. 2017, 2020;
Adhikari et al. 2017a).

Pine et al. (2020), using two approaches, calculated the
anisotropy of magnetic field fluctuations in the inertial range
from 1 to 45au using Voyager and Advanced Composition
Explorer (ACE) observations. In the first method, Pine et al.
(2020) computed the ratio of the power in fluctuations perpen-
dicular to the mean magnetic field to the power in fluctuations
parallel to the mean field. They find that the anisotropy depends
on the plasma beta 8, (= 2nkgT/ (B?/2u0), where n is the solar
wind density, kg is Boltzmann’s constant, T is the solar wind
temperature, B is the magnetic field, and yy is the magnetic
permeability) and the ratio of the fluctuation level of the mag-
netic field to the mean magnetic field. In the second method,
Pine et al. (2020) computed the anisotropy from the distribution
of energy between parallel and perpendicular wavevectors. The
results show that the anisotropy does not depend on the direction
of the mean magnetic field relative to the radial direction (see
also Tessein et al. 2009) and that the expansion of the solar wind
contributes to the measured anisotropy.

Klein et al. (1993) examined the anisotropy, minimum vari-
ance, and related distinguishing plasma parameters of small-
scale fluctuations in the inner heliosphere using Helios 2
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measurements. They found that the variance direction of the fluc-
tuations is generally aligned with the average magnetic field in
the high speed and relatively low plasma beta S, solar wind, but
the fluctuation direction is more isotropic in low speed and high
plasma beta regions. Klein et al. (1991) studied the anisotropy
of magnetic field fluctuations and solar wind fluctuations from 1
to 10 au using the Voyager 2 magnetometer and plasma data set.
They found that the ratio of the fluctuating magnetic power in
the perpendicular direction to that in the parallel direction is 5:1
at 1 au, which decreases to 3:1 farther out. In the velocity fluc-
tuations, the direction of minimum variance is radial and is less
directed along the mean field with increasing heliocentric dis-
tance. They found that velocity fluctuations are more isotropic
than magnetic fluctuations between 1 and 10 au.

Wang et al. (2014) found that intermittency may affect the
spectral index of parallel fluctuations. The spectral index for par-
allel fluctuations is found to be —2 in the presence of intermit-
tency. When intermittency is absent, the spectral power index
is similar for k; and k. In a later study by Wang et al. (2015),
they found that the spectral index of parallel fluctuations is —2
for moderate amplitude fluctuations and close to —5/3 for small
amplitude parallel fluctuations.

Recently, Zank et al. (2020) proposed a detailed spectral the-
ory based on the NI MHD quasi-2D or 2D plus slab turbu-
lence superposition model. The NI MHD model shows that the
perpendicular energy spectrum follows a kolmogorov-type of
power law E(k,) o k;°* (Zank et al. 2017). The 2D plus slab
model predicts E(ky) o k- 313 for arbitrary values of the nor-
malized cross-helicity 0. Furthermore, the 2D plus slab model
can also explain the power law E(kj) o« kf/ 3 that is observed
by WIND and Parker Solar Probe (PSP) in highly field-aligned
flows (oo ~ =%1) (Telloni et al. 2019; Zhao et al. 2020). This
result is quite distinct from the prediction of critical balance the-
ory (Goldreich & Sridhar 1995), which requires o ~ 0. Some
observational work find a spectral index of —5/3 for g = 90°,
and -2 for g ~ 0°, where 6gg is the angle between the local
mean magnetic field and radial direction (Horbury et al. 2008;
Podesta 2009). We note that in Horbury et al. (2008), the wavelet
technique is used to determine the local mean magnetic field,
while in Telloni et al. (2019) and Zhao et al. (2020), the mean
magnetic field and mean solar wind speed are determined by
the average value of selected intervals. Telloni et al. (2019) iden-
tified 17 highly field-aligned fast solar wind flow intervals of
length >1h by searching 12 years of Wind measurements, find-
ing that these intervals admitted a Kolmogorov-type of power
law kr/ 3 during strong turbulence. Zhao et al. (2020) found
two highly field-aligned intervals of ~20 min in the slow solar
wind in the first and second encounters of PSP, and, similar to
Telloni et al. (2019), find that the turbulence is unidirectional
(o¢ ~ —1) and exhibits a Kolmogorov-like spectrum in the par-
allel wavenumber, that is with a kl_s/ 3 power law.

In this manuscript, we study the evolution of the vari-
ance anisotropy (Belcher & Davis 1971; Pine et al. 2020) of the
energy in forward and backward propagating modes, the fluctu-
ating magnetic energy, and the fluctuating kinetic energy in the
fast and slow solar wind in the inner heliosphere using Solar
Orbiter measurements and interpret the results in terms of the
nearly incompressible magnetohydrodynamic (NI MHD) turbu-
lence transport model equations (Zank et al. 2017). The theory
of NI MHD in the plasma beta regime 8, ~ 1 or <1 predicts
that MHD-scale turbulence is a superposition of the dominant
quasi-2D (relative to the mean magnetic field) turbulence and
a minority NI/slab turbulence (Zank & Matthaeus 1992b, 1993;
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Hunana & Zank 2010; Zank et al. 2017). Adhikari et al. (2017a)
proposed a theoretical model to explain the evolution of power
anisotropy in magnetic field fluctuations in the inertial range
throughout the heliopshere using the NI MHD model, and found
that the ratio between the quasi-2D fluctuating magnetic energy
and the NI/slab fluctuating magnetic energy is close to 1 in the
outer heliosphere at 75 au.

The outline of the manuscript is as follows. Section 2 intro-
duces the solar wind plus NI MHD turbulence transport model.
Section 3 presents the data analysis. Section 4 discusses 2D and
slab turbulence as a function of the angle between the mean
solar wind speed and the mean magnetic field. Section 5 presents
a comparison between theory and observations. Section 6 dis-
cusses the radial evolution of background profile. Finally, Sect. 7
provides discussion and conclusions.

2. Solar wind plus NI MHD turbulence transport
model

As the solar wind expands from the surface of the Sun to the
outer heliosphere, the continuity equation describes the evo-
lution of solar wind mass density p, the momentum equation
describes the evolution of solar wind speed U, and the pressure
equation describes the evolution of solar wind thermal pressure.
The one dimensional (1D) steady-state continuity equation and
momentum equation in a spherically symmetric coordinate sys-
tem are given by,

d
3, (7PU) =0; M
du  dP, dP,.
— =L 2
pU dr dr  dr’ @

where P, is the thermal proton pressure and P is the thermal
electron pressure. On the right hand side (rhs) of Eq. (2), the
first term is the proton pressure gradient, and the second term
the electron pressure gradient. The thermal pressure gradients
exert forces on the solar wind that drives the solar wind from a
subsonic speed to a supersonic speed despite the attractive grav-
itational force GMyp/ r* (where G is the gravitational constant,
and M, is the solar mass) (Parker 1958; Verdini et al. 2010;
Chhiber et al. 2019; Adhikari et al. 2020a). The gravitational
force is neglected in Eq. (2) because it is negligible in compari-
son to the proton and electron thermal force. Similarly, the mag-
netic force (J X B), = —1/(uor)Byd/dr(rBy) is also neglected
because this is less important compared to the thermal force. In
the outer heliosphere, terms related to charge exchange between
the solar wind protons and interstellar neutrals, and photoioniza-
tion appear on the rhs of Eq. (2) (see Zank et al. 2018b), which
leads to the deceleration of the solar wind (Richardson & Wang
2003; Zank et al. 2018b; Elliott et al. 2019). Using a conser-
vative formulation of the solar wind equations and turbulence
(magnetic) transport equations, Adhikari et al. (2020b) showed
that a term related to a stream-shear turbulence appears on the
rhs of the momentum equation. Here we do not include this, and
we assume that the electron density n. and the proton density 7,
are approximately the same.

It is established that the dissipation of turbulence energy
heats the solar wind protons and electrons simultaneously. How-
ever, it is not only the turbulence energy but also Coulomb col-
lisions between solar wind protons and electrons, and the elec-
tron heat flux that influence the heating profile of the solar wind
protons and electrons (Cranmer et al. 2009; Breech et al. 2009;
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Engelbrecht & Strauss 2018; Chhiber et al. 2019; Adhikari et al.
2021). By including electrons, the 1D steady-state transport
equations for the proton and electron pressure are given by

ap, du

U
U? +’)’PPE + 2’)/7Pp =(y- 1)(Vpe(Pe - Pp) +fPSt); 3

dpP, dU U
+yP.— +2y—P.
dr dr r

= (= D|vep(Py = Pe) =V - g + (1 = fp>st],

U

“

where S is a turbulent heating term, f, denotes a fraction of
turbulence energy that heats the solar wind protons, (1 — f;) is
the fraction of turbulence energy that heats the solar wind elec-
trons, y(= 5/3) is the polytropic index, and vp. and v, are the
rates of proton-electron Coulomb collisions (Barakat & Schunk
1982; Zank 2014). Here, n.ve, = npvp. because the Coulomb
collisional frequencies are balanced (assumed equal for protons
and electrons). The rate of proton-electron Coulomb collisions
is given by (Cranmer et al. 2009),

T -3/2
L ~84 1-9(—”e )(— ) -1
e ¥ 84X N0 = S \s k) ¢ )

Equations (3) and (4) assume isotropic models for the electron
pressure (or temperature) and the proton pressure (or temper-
ature), and include the electron heat flux g.. The proton heat
flux is neglected (Braginskii 1965) because it is small. Here, the
contribution to the electron pressure (or temperature) is primar-
ily due to the Maxwellian core, while the parallel and perpen-
dicular contributions to the pressure (or temperature) are less
important (Tang et al. 2020). The electron heat flux is deter-
mined by the electron strahl in the direction parallel to the mag-
netic field (Cranmer et al. 2009) and is zero for the Maxwellian
core electrons. By fitting the electron heat flux measured by
Helios 2 from 0.3 to 1au (Pilipp etal. 1990; Cranmer et al.
2009) obtained an empirical formula for the electron heat
flux,

In (ql) = 07037 = 2.115x — 0.2545x2
q0

(6

where x = In(r/1 au) and gy = 0.01 erg cm2s™!. The term V - qe
can be expressed as (Cranmer et al. 2009)

V. q. = r_zg(r q) cos ¢)7 (7)

where ¢ is the Parker spiral angle,

tan & Qrsinf
an¢ = ,
U

and Q = 2.7 x 10~®rads™" is the solar rotation frequency. We
choose a colatitude 8 = 90°, because we compare the model
results with Solar Orbiter measurements.

The turbulent heating term S, in (3) and (4) can be
derived using a Kolmogorov phenomenology, and is given by

(Verdini et al. 2010; Zank et al. 2018b; Adhikari et al. 2021)
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where my, is the proton mass, n; is the solar wind proton density,
a is a von-Karmén Taylor constant, and M;xo(= 0.1) is the turbu-
lent Alfvén Mach number. The terms inside the [...] correspond
to the dissipation of quasi-2D turbulence and NI/slab turbulence,
in which the last term is related to the Alfvén effect in the NI/slab
turbulence, and is derived using NI/slab time-scale introduced
by Zank et al. (2020). This term vanishes for the unidirectional
Alfvén waves (o = +1; Adhikari et al. 2019). The parameter o7,
is the NI/slab normalized cross-helicity and the remaining terms
are defined in detail below.

NI MHD in the 8, ~ 1 or < 1 regimes predicts that solar
wind turbulence is a superposition of majority quasi-2D and
minority Nl/slab turbulence (Zank & Matthaeus 1992b, 1993;
Zank et al. 2017). The total Elsédsser variables can be written
as the sum of quasi-2D and Nl/slab Elsisser variables, that is
z* = z%% + 7**, provided that it follows the symmetries of the
underlying turbulence (Zank et al. 2017). The majority quasi-
2D and a minority NI/slab Elsédsser variables are defined as
(Zank et al. 2017)

B*~ B
2 =u® + and Z** = u* + ,
VHop Hop

respectively. Similarly, the quasi-2D and NI/slab variances of
the Elsésser variables, and the residual energy Ep are given by
(Zank et al. 2012, 2017),

2 -
<Zoo,*4_r > — <zoo,*i . zoo,*j:>; EODO,* - <zoo,*+ . zoo,* >

The correlation function corresponding to forward and backward
propagating modes, and the residual energy is given by

L. = f (@ 22 Yy = (AL L

Sk Skt 4 k7 k= _ s %
Lo;*_f<zoo* .zoo +zoo* 'zoo* >dy=E;*/loDo ,

0o,x—/

where y = |y| is the spatial lag between fluctuations, z
the lagged Elsisser variables, and A* and Ap are the correla-
tion lengths corresponding to forward and backward propagating
modes, and the residual energy.

A radial magnetic field B is assumed and is given by,

0\,
B = Bo(—) r,

r
where By is the magnetic field at the reference point ry and 7
denotes the direction of the magnetic field.
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The 1D steady-state majority quasi-2D turbulence transport
model equations under the assumption of spherical expansion
are given by (Zank et al. 2017)

Az 1( o dU 2U

u (@ ms) G+ )
o Ta\@ B gt
<Z0012>2<Zoo¢2>1/2 . ’”0|AU|V§0

:—ZafL—i ShT’ 9)

dES L dU 2U o D2
U+ 3(E5 +ED G —)=‘“ED(T

.\ <Zoo—2>1/2)+a(<zoo+2><zoo—2>l/2 . <Zoo—2><zoo+2>l/2)

AL AL A5
rolAU|V?

+ 2t PAVh r2| 20, (10)

dLr 1/, LZ\dUu 2U
v dr +§(L‘;+7D)<E r ):O; an

dLS  1(dU 2U

s E(dr 2 )(L +L++L) % (12)

where E7 = ((z°°+2) + (z°°_2>) /2 is the quasi-2D total turbulent
energy. The first term on the rhs in Eq. (9) is the nonlinear dissi-
pation term that describes the dissipation of quasi-2D energy in
forward and backward propagating modes. In the transport equa-
tion for the residual energy, Eq. (10), the first term on the rhs is
the dissipation term and the second term is the turbulent dynamo
term (Grappin et al. 1982, 1983; Zank et al. 2012; Adhikari et al.
2021). The second and third terms in Egs. (9) and (10) are shear
driving sources for the quasi-2D energy in forward and back-
ward propagating modes, and the residual energy. The param-
eter C3 and CSEhD describe the strength of the shear source of
turbulence. The parameter |AU]| is the difference between the
fast and slow solar wind speed, and V¢ is the Alfvén velocity
at a reference point ry. The fast solar wind emerges from open
field polar coronal holes and we assume that the turbulent shear
source has no effect on the fast solar wind, similar to Zank et al.
(2018a), Adhikari et al. (2020a, 2021). The slow solar wind that
emerges from the equatorial region of the Sun is considered
to be affected by the turbulent shear source (see Adhikari et al.
2020c). Kelvin-Helmbholtz instabilities may develop in the inner
and outer corona (DeForest et al. 2016; Yuan et al. 2019), which
may provide a source of turbulence shear source close to the Sun
(Ruffolo et al. 2020) and may affect the slow and fast solar wind
from above the sonic point. We will address this issue in a future
paper.

The 1D steady-state transport equations of NI/slab turbu-
lence are given by (Zank et al. 2017)

e 1

UFVy) P

(<Z*¢2> _E ) —Qb- 1)%(z*i2)

IVAdp( ) *)
*HY—E
2pdr< ) b

<Z*12>2<Z*12>|/2

+(6b — 1)—ED + 4b—

<Z*12><Zooj:2><zoo+2>l/2 B
LE L*

00

rolAUIVZ,
—m (13)
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where Vj is the Alfvén velocity, E7. is the Nl/slab total turbu-
lent energy, and E(. is the Nl/slab cross helicity. The parameter
b describes the geometry of NI/slab turbulence and is associated
with the closure hypothesis for off-diagonal 2-point correlations.
In Eq. (13), the first and second rhs terms are the nonlinear dissi-
pation terms for the energy in forward and backward propagating
modes. In Eq. (14), the first term is a turbulent dissipation term,
the second and fourth terms represent the turbulent small-scale
dynamo effect, and the third term represents the Alfvén effect.
We note that the Alfvén effect is not included in the quasi-2D
equations because the Alfvén velocity does not appear in quasi-
2D turbulence. The third and fifth terms in Eqs. (13) and (14) are
the shear source of turbulence for the NI/slab energy in forward
and backward propagating modes, and the residual energy with
strengths C;* and C :f P, respectively.

The transport equation for the variance of the density fluctu-
ations can be written as (Zank et al. 2017, 2018b; Adhikari et al.
2017b)

o2 002y1/2 4,002
UM + 2<p°°2>d_U + 4g<poo2> _ —a<u ) %)
dr dr r I
o2 |AU|
+ e N——— (17)

Here, we introduce a shear source of turbulence for the den-
sity variance with a strength 77,. The quasi-2D fluctuating kinetic
energy can be expressed as (u®2) = ((z°°+2) + (z""_z) +2E3)/4,

= [(EF + EQ)AL + (EF — EQ)AL, + ERAS]/2(ET + E) is
the correlation length of the quasi-2D fluctuating kinetic energy,
and E(? is the quasi-2D cross-helicity. (p*?)o is the density vari-
ance at a reference position 7.

3. Data analysis

We use SolO magnetometer (Horbury et al. 2020) and Solar
Wind Analyser — Proton and Alpha Sensor (SWA-PAS) plasma
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data (Owen et al. 2020) from July 7, 2020 to August 31, 2020
because PAS data was turned off prior to July 7, 2020. In this
period, SolO is moving in an outbound direction. For the fast
solar wind, we use the data sets at times (YY:MN:DD): 2020-
07-15, 2020-08-27, 2020-08-28, 2020-08-29. For the slow solar
wind, we use the data sets at times (YY:MN:DD): 2020-07-17,
2020-07-18, 2020-07-22, 2020-07-30, 2020-08-02, 2020-08-03,
2020-08-04, 2020-08-05, 2020-08-07, 2020-08-08, 2020-08-09,
2020-08-11, 2020-08-13. During this period, SolO covers a
heliocentric distance of 140—193 R, and stays within a latitude
of 5°, which means that SolO basically observes the same kind
of plasma, whether in the slow solar wind flow or in the fast
solar wind flow. In the data, the slow solar wind speed ranges
from 300—420kms~! and the fast solar wind speed is greater
than 420kms~!.

Using methods similar to those described in our series of
papers (Zank et al. 1996; Adhikari et al. 2014, 2015, 2017b;
Shiota et al. 2017; Zhao et al. 2018), the various turbulence
quantities, such as the energy in forward and backward prop-
agating modes, the normalized residual energy, the normalized
cross-helicity, the fluctuating kinetic and magnetic energy, the
relevant correlation lengths, and the variance of the density fluc-
tuations are obtained from the R, 7, and N components of the
solar wind speed and the magnetic field, and the solar wind den-
sity. Furthermore, the perpendicular (or 2D) and slab variances
of the Elsdsser variables, the fluctuating magnetic energy, and
the fluctuating kinetic energy with respect to the direction of
the mean magnetic field are calculated from (Belcher & Davis
1971),

P = 2(B)Sij(B;)
slab |<B>|2 5

where P, and Pg,, denote the variances of the turbulence quan-
tities in the direction perpendicular and parallel to the mean
magnetic field (B). The (...) denotes averaging over a specified
time interval, and i and j denote the R, T, and N components of
the solar wind speed, magnetic field, and Elsésser variables. P;
denotes the trace of S, where

Sii = (AiAj) — (AiA),

P, = Py — Pgyp, (18)

is a 3 X 3 matrix, formed by the R, T, and N components of a
vector A.

4. 2D and slab turbulence versus 6yg in the fast and
slow solar wind

According to the NI MHD theory, solar wind turbulence is
assumed to be a superposition of quasi-2D or perpendicu-
lar or 2D turbulence (hereafter we call it 2D turbulence)
and NI/slab or slab turbulence (hereafter called slab turbu-
lence) (Zank & Matthaeus 1992b, 1993), in which the 2D turbu-
lence dominates the slab turbulence throughout the heliosphere
(Zank & Matthaeus 1992b, 1993; Bieber et al. 1996; Zank et al.
2017, 2018a,b; Adhikari et al. 2017a, 2021; Pine et al. 2020).
Recently, Pine et al. (2020) calculated the power corresponding
to perpendicular and parallel components of the fluctuating mag-
netic energy using ACE and Voyager magnetometer data sets,
and found that the power in the perpendicular component is
higher than that in the parallel component.

Here we calculate (i) the turbulence energy by the method
of mean field decomposition, in which we first subtract the
mean quantity from the solar wind variable and then we cal-
culate the variance of that quantity, and (ii) the 2D and slab

turbulence energy by Eq. (18). We show the observed total
energy!, 2D energy, and slab energy corresponding to forward
(Figs. 1-A1/B1) and backward propagating modes (Figs. 1-A2/
B2), magnetic field fluctuations (Figs. 1-A3/B3), and kinetic
energy fluctuations (Figs. 1-A4/B4) as a function of the angle
between the mean solar wind speed and the mean magnetic field
(Byp). In the top panel of (a) and (b), the green scatter plots
with error bars denote the total energy, the red scatter plots with
error bars denote the perpendicular energy, the blue scatter plots
with error bars denote the slab energy, and the black scatter
plots with error bars indicate the perpendicular plus slab energy
corresponding to the energy in forward propagating modes, the
energy in backward propagating modes, the fluctuating mag-
netic energy, and the fluctuating kinetic energy. Here, the black
and green scatter plots overlap each other and cannot be distin-
guished. The error bar denotes a standard error o-/n, where o is
the standard deviation and # is the number of data points over the
angle df = 3° and d6 = 2.8° for the slow and fast wind, respec-
tively. For the slow and fast solar wind, the turbulence quantities
are calculated in an interval of 3h and 1h, and then we take an
average over the angle df = 3° and d@ = 2.8°, respectively.

The top panel of (a) and (b) in Fig. 1 shows that the perpen-
dicular plus slab (black scatter plots) energy in forward propa-
gating modes is similar to the total energy in forward propagat-
ing modes (green scatter plots). Again, we note that the green
and black scatter plots overlap each other. Similarly, the per-
pendicular plus slab energy in backward propagating modes,
fluctuating magnetic energy, and fluctuating kinetic energy are
equal to the total energy in backward propagating modes, fluc-
tuating magnetic energy, and fluctuating kinetic energy. This is
an important result, that indicates that solar wind turbulence is
a superposition of 2D and slab turbulence. Similarly, it shows
that the perpendicular energy in forward and backward prop-
agating modes, the fluctuating magnetic energy, and the fluc-
tuating kinetic energy are larger than the corresponding slab
energies, indicating that 2D turbulence is the dominant compo-
nent. We discuss this further below, however, these results are
consistent with the NI MHD theory (Zank & Matthaeus 1992b,
1993; Zank et al. 2017, 2018a,b; Adhikari et al. 2017a, 2021)
and observations (Bieber et al. 1996), that show that solar wind
turbulence is a superposition of the dominant 2D turbulence and
a minority slab turbulence components. This result is consistent
with Pine et al. (2020), who studied the magnetic field fluctua-
tions anisotropy of the power spectral components using Voy-
ager and ACE magnetometer data sets, and showed that the ratio
of the perpendicular power to the parallel power increases from
Opr = 0° to about Opr = 90°, where gy is the angle between the
mean magnetic field and the radial direction. Here we show the
variances of the turbulence quantities (the energy in forward and
backward propagating modes, the fluctuating magnetic energy,
and the fluctuating kinetic energy) in the direction parallel and
perpendicular to the mean magnetic field. In the NI MHD theory,
the majority 2D component and a minority slab component are
the turbulence energy in the direction perpendicular and parallel
to the large-scale magnetic field, respectively. Pine et al. (2020)
also pointed out that the ratio of the power of the perpendicu-
lar fluctuations to the power of the parallel fluctuations can be
influenced by the plasma beta ;.

In the slow solar wind, the total energy and the 2D energy
in backward propagating modes (Fig. 1-A2) increase as a

! This is obtained by adding the variances of the R, T, and N
components.
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Fig. 1. Top and third panels: total (green), perpendicular (red), slab (blue) and summation of perpendicular and slab, that is perpendicular plus
slab (black) turbulence energy corresponding to the energy in forward propagating modes (A1/B1), the energy in backward propagating modes
(A2/B2), the fluctuating magnetic energy (A3/B3), and the fluctuating kinetic energy (A4/B4) for the slow and fast solar wind as a function
of the angle between the mean solar wind speed and the mean magnetic field (6y ). Second and fourth panels: ratio between the 2D and slab
variances of energy in forward propagating modes (al/b1) and backward propagating modes (a2/b2), the fluctuating magnetic energy (a3/b3), and
the fluctuating kinetic energy (a4/b4) as a function of 6. (a) Slow solar wind. (b) Fast solar wind.

function of 8y until 90° and then decrease as 6y — 180°.
The total energy, 2D energy, and slab energy in forward prop-
agating modes are approximately constant between 6y = 0°
and Oyp = 180°. In the fast solar wind, the total energy and the
2D energy in backward propagating modes also show a higher
value at about 65 = 88°, indicating the generation of the energy
in backward propagating modes. It shows that the slab energy
in backward propagating modes has a minimum value between
93° — 107°, however, such a minimum value of the energy in
backward propagating modes is not observed in the slow solar
wind. The fast solar wind results can be improved with further
statistical analysis because SolO did not observe many fast solar
wind intervals in our selected time interval.

The bottom panels of each case in Fig. 1 show the ratio
between the perpendicular variances and the slab variances of the
energy in forward propagating modes (Figs. 1-al/bl), the energy
in backward propagating modes (Figs. 1-a2/b2), the fluctuat-
ing magnetic energy (Figs.1-a3/b3), and the fluctuating kinetic
energy (Figs. 1-a4/b4) as a function of fyp for the slow solar

A6, page 6 of 14

wind and the fast solar wind. In the slow solar wind, the ratio
between the 2D energy and slab energy in (i) forward propa-
gating modes is about 5 when 0y = 0°, which increases to
about 12 at Oyp = 98° and then decreases as Oy — 180°;
(i1) backward propagating modes is about 1 when 6y = 0°,
which increases to about 14 at 8y = 86° and then decreases
as Oyp — 180°; (iii) magnetic field fluctuations is about 7 at
Oyp = 0°, which increases to about 18 at 6y = 80° and then
decreases as 6y — 180°, and (iv) kinetic energy fluctuations is
about 2 at 9y = 0°, which increases to about 12 at 85 = 92°
and then decreases as 0y — 180°.

In the fast solar wind, the ratio between the 2D energy and
slab energy in forward propagating modes (Fig. 1-bl), energy
in backward propagating modes (Fig. 1-b2), magnetic field fluc-
tuations (Fig. 1-b3), and kinetic energy fluctuations (Fig. 1-b4)
increases from about 85 = 60° to Oy = 95°-101° and then
decreases as 6yp — 180°. The results are similar to those in the
slow solar wind, but they are not symmetrical about 8y = 90°
as in the slow solar wind.
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Table 1. Boundary values for solar wind parameters and turbulence quantities for the slow solar wind (SW) and fast solar wind (FW).

Parameters Values Parameters Values
SW FW SW FW
=+ (km? s7%) 1150 2180 () (km?s7?) 130 180
(z°7%) (km?s72) 220 165 (z"7?y (km?s72) 45 30
EY (km?s72) -273.4 -400 E}, (km?s72) -4.13 =20
LY (km’s7?) 435 %108 1.24 x10° LT (km?®s™2) 9.83 x107 6.8 x107
Ly (km’s7?) 1.25 x108 1.1 x108 L7 (km?s™?) 5.1 x 107 1.32 x107
Ly (km>s7?)  —5.04x10® -6.12 x10° L (km*s7?) -1.52x 107 -5.29 x107
U (kms™) 345 490 np (cm™) 15 15
T. (K) 3x10* 5% 10* T, (K) 9.5x 10* 2% 10°
(p®2) (cm™) 4 1.5 - - -

Notes. The electron density is assumed approximately equal to the proton density, n. ~ n,. The proton and electron thermal pressure is determined

from P, = nykgT}, and P, = n.kgT., respectively.

Table 2. Values of the parameters used for the slow solar wind (SW)
and fast solar wind (FW) turbulence model.

Parameters SwW FwW
Vo 21.43kms™! 24.8kms™!
a 0.06 0.045
b 0.24 0.42
C, 2 -
C, 2 -
chr -2.53 -
Cy 0.4 -
Cy 0.4 -
cilr -0.37 -
n 4.5 -
AU 200 kms™! —

5. Radial evolution of 2D and slab turbulence

We compare the theoretical results of the coupled solar wind
equations and the NI MHD 2D plus slab turbulence transport
equations with observations of fast and slow solar wind made
by Solar Orbiter in the outbound direction. For the first time, we
compare the theoretical and observed 2D energy and slab energy
in forward propagating modes, energy in backward propagating
modes, magnetic field fluctuations, and kinetic energy fluctua-
tions as a function of the heliocentric distance in the inner helio-
sphere. Similarly, we also compare the theoretical and observed
normalized cross-helicity and normalized residual energy for 2D
turbulence and slab turbulence. The theoretical results for the
slow solar wind and fast solar wind are obtained by solving
the coupled solar wind equations (that is Egs. (1)—(4)) and the
quasi-2D and NI/slab turbulence transport model equations (that
is Egs. (9)—-(16)) using a Runge-Kutta fourth order method, and
the boundary conditions shown in Table 1. Table 2 shows the
parameter values used for the slow solar wind and fast solar wind
turbulence transport model equations.

Using the same format as Fig. 1, in the top panels of (a)
and (b) in Fig. 2, we compare the theoretical and observed
total energy, 2D energy and slab energy corresponding to for-
ward propagating modes (Figs. 2-A1/B1), backward propa-
gating modes (Figs. 2-A2/B2), magnetic energy fluctuations
(Figs. 2-A3/B3), and kinetic energy fluctuations (Figs. 2-A4/B4)

for the slow and fast solar wind as a function of the heliocentric
distance. In Fig. 2, the dashed blue curve and the blue scatter
plots denote the theoretical and observed slab energy, the solid
red curve and the red scatter plots the theoretical and observed
2D energy, and the solid black curve and the black scatter plots
the theoretical total energy” and the observed total energy. Sim-
ilarly, in the second and third panels of Fig. 2, we compare the
ratio of the theoretical 2D and slab turbulence energy for the
forward propagating modes (Figs. 2-al/b1), the backward prop-
agating modes (Figs. 2-a2/b2), the variance of the magnetic field
fluctuations (Figs. 2-a3/b3), and the kinetic energy fluctuations
(Figs. 2-a4/b4) with the corresponding observed ratios as a func-
tion of the heliocentric distance (the solid black curves denote
the theoretical results, and the black scatter plots with error bars
show the observed results).

Figure 2-A1 shows good agreement between the theoreti-
cal and observed total energy, 2D energy, and slab energy in
forward propagating modes. The theoretical total energy, 2D
energy, and slab energy in forward propagating modes decrease
as 121 7128 "and 067 with increasing heliocentric distance.
This shows that the 2D energy in forward propagating modes
decreases more rapidly than the slab energy in forward propa-
gating modes. Similar to Fig. 1, the observed total energy (green
scatter plots) and 2D plus slab energy (black scatter plots) in
forward propagating modes are almost similar, indicating that
the turbulence is a superposition of 2D turbulence and slab tur-
bulence, and the radial evolution is determined primarily by
the 2D majority component. Furthermore, the 2D (theoretical
and observed) energy in forward propagating modes is close
to the total (theoretical and observed) energy in forward propa-
gating modes and larger than the slab energy in forward prop-
agating modes. Figure 2-al shows that the 2D energy in for-
ward propagating modes is about 8 times larger than the slab
energy in forward propagating modes over the heliocentric dis-
tance 140-170 R. Hence, the energy in 2D forward propagat-
ing modes is a dominant component in the inner heliosphere,
which is consistent with previous theoretical and observational
work (Zank & Matthaeus 1992b; Bieber et al. 1996)- that pre-
dicted that 2D turbulence dominates solar wind turbulence.

For the fast solar wind, Fig. 2-B1 shows the theoretical and
observed total energy, 2D energy, and slab energy in forward
propagating modes with increasing heliocentric distance. The
total energy, 2D energy, and slab energy in forward propagating

2 Quasi-2D + Nl/slab turbulence energy.
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Fig. 2. Comparison between the theoretical and observed total turbulence energy, perpendicular turbulence energy and slab turbulence energy,
and the ratio between the perpendicular and slab turbulence energy as a function of the heliocentric distance for the slow and fast solar wind.
Figures A1/B1, A2/B2, A3/B3, and A4/B4 show the energy in forward propagating modes, the energy in backward propagating modes, the
fluctuating magnetic energy, and the fluctuating kinetic energy. Figures al/bl, a2/b2, a3/b3, and a4/b4 show the corresponding ratios between the
perpendicular and slab turbulence energy. The solid and dashed curves show the theoretical results, and the scatter plots with error bars show the
observed results. See the text for details. (a) Slow solar wind. (b) Fast solar wind.

modes of fast solar wind are relatively larger than those of the
slow solar wind (see Fig. 2-A1), and decrease as r~"15, =122,
~051 respectively. In Fig. 2-b1, the ratio between the theo-
retical 2D energy and slab energy in forward propagating modes
(solid black curve), and the ratio of the observed 2D energy and
slab energy in forward propagating modes (scatter plots) is rea-
sonably consistent. The ratio between the theoretical 2D energy
and slab energy is ~12 at 140 R, and ~10 at 193 R, indicat-
ing that the energy in forward propagating modes of fast solar
wind in the direction perpendicular to the mean magnetic field
remains the dominant component.

In contrast to the energy in forward propagating modes for
the slow and fast solar wind, the energy in backward propagat-
ing modes of slow and fast solar wind increases with increas-
ing distance (Figs. 2-A2/B2). In Fig. 2-A2, the theoretical and
observed total energy, 2D energy, and slab energy in back-
ward propagating modes of slow solar wind follow heliocen-
tric power laws with 47, 0% and r'3  respectively. As
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suggested by Coleman (1968), the turbulent shear source gen-
erated by the difference between fast solar wind and slow solar
wind produces backward propagating modes in the inner helio-
sphere (Adhikari et al. 2015). Similarly, the gradients in the solar
wind speed, solar wind density, and magnetic field can also gen-
erate backward propagating modes. These effects are reflected
in Fig. 2-A2, where the energy density of backward propagat-
ing modes increases with increasing distance. Figure 2-a2 com-
pares the observed and theoretical ratio between the 2D and
slab energy in backward propagating modes as a function of
heliocentric distance. Both theoretical and observed ratios corre-
sponding to the energy in backward propagating modes increase
from about 4 to about 6 over the distance the range 140-170 R,
again indicating the dominance of the 2D turbulence energy of
backward propagating modes.

Similarly, in the fast solar wind, the theoretical total energy,
2D energy, and slab energy in backward propagating modes fol-

low power laws %35, %14 and 032, respectively (Fig. 2-B2).



L. Adhikari et al.: Anisotropic turbulence

ATy "raz) 10%23)
L ST S % I I %
08 —a o 05 —y—a ol
06 \ . £ TTTT——— ¢
S R I A IR
e S | o
04t & . S
¥ U
_— .
02 0.5 ¢ ¥ ¥ Vot
0 1 1072
140 150 160 170 140 150 160 170 140 150 160 170
r/Rs r/Rq r/Re
(a)
1 1 2
BT) . B2) R 10° g3
08l ¢ 4 o5 ., o : Fig. 3. Comparison between the theoret-
_ ’ ¢ 10 ical and observed normalized cross-helicity
- 0.6 . . 5 0ol ¢ . (A1/B1), normalized residual energy (A2/B2),
04 © ,\;0 X“ \0, and the variance of the density fluctuations
05 ¢'\___0 V1o (A3/B3) as a function of heliocentric distance
021 % of § ot 17 H for the slow and fast solar wind. The solid
% —/% % * 2 curves indicate the theoretical results. The scat-
0 1 10 . . .
140 0, 200 140 ‘6‘3,/,]? 180 200 140 0, 200 ter plots with error bars identify the observed
/R. /R .
results. (a) Slow solar wind. (b) Fast solar
(b) wind.

The energy in backward propagating modes in the fast solar wind
increases more slowly than that in slow solar wind. We note that
in this case, only the gradients in the solar wind speed, solar wind
density, and magnetic field are responsible for the increase of
energy in backward propagating modes (Adhikari et al. 2021).
Figure 2-b2 compares the ratio of the observed and theoretical
2D energy and slab energy in backward propagating modes. In
contrast to the result in the slow solar wind, the theoretical result
increases initially and then flattens as a function of the helio-
centric distance, which may be due to the absence of a turbulent
shear source.

Figure 2-A3 shows the radial evolution of total energy, 2D
energy, and slab energy for the variance of the magnetic field
fluctuations in the slow solar wind as a function of the helio-
centric distance. In the figure, the theoretical and observed 2D,
slab, and total fluctuating magnetic energy decrease approxi-
mately as 2%, 77204 and r~>%° with increasing heliocentric
distance. In the slow solar wind, the result shows that the 2D
(theoretical and observed) fluctuating magnetic energy is about
10 times larger than the slab (theoretical and observed) fluctuat-
ing magnetic energy over the heliocentric distance 140-170 R
(Fig. 2-a3). Figure 3-B3 shows that the total, 2D, and slab fluc-
tuating magnetic energy in the fast solar wind are relatively
higher than those in the slow solar wind (Fig. 2-A3). The com-
parison between the theoretical and observed results in the fast
solar wind shows good agreement. The theoretical 2D, slab,
and total turbulent magnetic energy decrease as r~>87, r=194,
~279 respectively, indicating that the fluctuating magnetic
energy of fast solar wind decreases more rapidly than that in the
slow solar wind. Similarly, the ratio between the theoretical and
observed 2D and slab fluctuating magnetic energy (Fig. 2-b3)
shows that the theoretical and observed results decrease with
increasing heliocentric distance. The 2D fluctuating magnetic
energy remains the dominant component of the fast solar wind
turbulence.

Figure 2-A4 shows that the theoretical and observed total
fluctuating kinetic energy, 2D fluctuating kinetic energy, and slab
fluctuating kinetic energy of slow solar wind decrease as a func-
tion of the heliocentric distance. In the figure, the theoretical 2D
fluctuating kinetic energy follows a power law of 7~!->*, the the-
oretical slab fluctuating kinetic energy decays as "2, and the

theoretical total fluctuating kinetic energy drops as r~*%. The
theoretical and observed results show excellent agreement over
the heliocentric distance 140-170 R;. Figure 2-a4 shows that
the (theoretical and observed) 2D fluctuating kinetic energy is
higher than the (theoretical and observed) slab fluctuating kinetic
energy by about 4-5 over the range 140-170 R, This illustrates
that the 2D turbulent kinetic energy is the dominant compo-
nent in the slow solar wind as well. Similarly, in the fast solar
wind, Fig. 2-B4 shows that the theoretical and observed fluc-
tuating kinetic energy is in reasonable agreement with increas-
ing heliocentric distance. The 2D fluctuating kinetic energy, slab
fluctuating kinetic energy, and total fluctuating kinetic energy
exhibit power laws of r~1, 1008 and r~12°, respectively. Fur-
thermore, the theoretical and observed ratio between the 2D and
slab fluctuating kinetic energy in the fast solar wind decreases
as a function of the heliocentric distance. Both theoretical and
observed ratios are greater than 1 over the heliocentric distance
140-193 R, (Fig. 2-b4).

Figures 3-Al and B1 show the theoretical and observed
normalized cross-helicity as a function of the heliocentric dis-
tance in the slow and fast solar wind, respectively. In the figure,
the solid red, blue, and green curves represent the theoreti-
cal 2D normalized cross-helicity, slab normalized cross-helicity,
and total normalized cross-helicity. Similarly, the red, blue, and
green scatter plots with error bars denote the corresponding
observed normalized cross-helicity. In Fig. 3-Al, the theoret-
ical and observed 2D normalized cross-helicity, the slab nor-
malized cross-helicity, and the total normalized cross-helicity of
slow solar wind decrease with increasing heliocentric distance.
The normalized cross-helicity of the fast solar wind (Fig. 3-B1)
also decreases as distance increases. It shows that the normalized
cross-helicity of fast solar wind is larger than that of slow solar
wind.

The comparisons between the theoretical and observed 2D
normalized residual energy (solid red curve and red scatter plot),
the slab normalized residual energy (solid blue curve and blue
scatter diagram), and the total normalized residual energy (green
curve and green scatter plot) of slow and fast solar wind as a
function of the heliocentric distance are shown in Figs. 3-A2
and-B2, respectively. In the slow and fast solar wind, the theoret-
ical 2D, slab, and total normalized residual energy are in good
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agreement with the corresponding observed normalized resid-
ual energy. However, the observed normalized residual energy
in the fast solar wind scatters at about 193 R,. The theoretical
and observed results for the slow and fast solar wind show that
the quasi-2D turbulence is dominated more by turbulent mag-
netic energy and the slab normalized residual energy is less dom-
inated by turbulent magnetic energy. In the slow solar wind, the
slab normalized residual energy is close to 0, while that in the
fast wind the slab fluctuating magnetic energy is larger than the
slab fluctuating kinetic energy.

Figures 3-A3 and B3 compare the theoretical and observed
variance of the density fluctuations in the slow and fast solar
wind as a function of the heliocentric distance, respectively. The
theoretical variance of the density fluctuations in the slow solar
wind decreases as r~*%° (Fig. 3-A3), while the observed vari-
ance of the density fluctuations does not decrease with increasing
heliocentric distance. This may be related to Fig. 5-A4, showing
that the observed solar wind density of the slow solar wind is
approximately constant. The theoretical and observed variances
of the density fluctuations in the fast solar wind decrease with
increasing heliocentric distance, and the theoretical density vari-
ance follows a power law of #>#_ quite different from the slow
solar wind.

The theoretical and observed correlation lengths correspond-
ing to the energy in forward propagating modes (Figs. 4-A1/B1),
the energy in backward propagating modes (Figs. 4-A2/B2),
the residual energy (Figs. 4-A3/B3), the fluctuating kinetic
energy (Figs. 4-A4/B4), and the fluctuating magnetic energy
(Figs. 4-A5/B5) are shown for the slow and fast solar wind as
a function of the heliocentric distance in Fig. 4. The theoreti-
cal and observed correlation lengths corresponding to forward
propagating modes in the slow solar wind (Fig. 4-A1) and in the
fast solar wind (Fig. 4-B1) increase with increasing heliocen-
tric distance. In the slow solar wind, the theoretical correlation
length of 2D energy in forward propagating modes is similar to
the observed correlation length. In the fast solar wind, the theo-
retical correlation length of the slab energy in forward propagat-
ing modes is similar to the observed correlation length.

In the slow solar wind, the theoretical and observed corre-
lation lengths corresponding to backward propagating modes
decrease as a function of the heliocentric distance (Fig. 4-A2).
In the fast solar wind, both correlation lengths increase with
increasing heliocentric distance (Fig. 4-B2). The decrease of cor-
relation length in the slow solar wind may be related to the tur-
bulent shear source produced by fast and slow solar wind in the
inner heliosphere, which is not included in the fast solar wind
turbulence model.

The theoretical and observed 2D correlation length corre-
sponding to the residual energy of the slow solar wind increases
with increasing heliocentric distance, and shows good agreement
as a function of the heliocentric distance (Fig. 4-A3). The theo-
retical slab correlation length for the residual energy decreases
initially and then increases. In the fast solar wind, the theoretical
slab correlation length for the residual energy shows good agree-
ment with that observed correlation length and the theoretical 2D
correlation length for the residual energy increases with increas-
ing heliocentric distance. The theoretical and observed corre-
lation lengths corresponding to the fluctuating kinetic energy
(Figs. 4-A4/B4) and the fluctuating magnetic energy (Figs. 4-A5/
B5) for the slow and fast solar wind do not show good agreement
as a function of the heliocentric distance. In the slow solar wind,
the observed correlation length corresponding to the fluctuating
kinetic energy and the fluctuating magnetic energy is approx-
imately constant, while in the fast solar wind, the observed
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correlation length of velocity fluctuations and magnetic field
fluctuations increases as distance increases.

6. Radial evolution of solar wind background
profile

As discussed in Sect. 2, the solar wind equations are coupled
with the NI MHD turbulence transport model equations. There-
fore, the background profiles and turbulence influence each
other. Here, we assume that the background magnetic field
is inversely proportional to the square of distance. Figure 5
compares the theoretical and observed solar wind tempera-
ture (Figs. 5-A1/B1), solar wind entropy (Figs. 5-A2/B2), solar
wind speed (Figs. 5-A3/B3), and solar wind proton density
(Figs. 5-A4/B4) of the slow and fast solar wind as a function of
heliocentric distance. In the figure, the solid and dashed curves
represent the theoretical results and the scatter plots with error
bars identify the observed results. In Fig. 5-Al, the theoreti-
cal proton temperature of the slow solar wind decreases grad-
ually as %8, similar to the observed solar wind proton tem-
perature and is consistent with the temperature of the slow solar
wind measured by Parker Solar Probe during its first encounter
(Adhikari et al. 2020c). The theoretical electron temperature of
the slow solar wind flattens slightly as a function of heliocen-
tric distance. Coulomb collisions between solar wind protons
and electrons do not influence the solar wind proton and elec-
tron temperature. However, the electron heat flux and the tur-
bulence heating influence the solar wind electron temperature,
and the turbulence heating alone affects the solar wind pro-
ton temperature. In this study, we assume that sixty percent
of the available turbulent energy heats the solar wind protons,
and forty percent the solar wind electrons (Breech et al. 2009;
Engelbrecht & Strauss 2018; Adhikari et al. 2021). In the fast
solar wind, the theoretical proton temperature decreases as pl26,
which is more rapidly than the radial profile of the slow solar
wind temperature. Interestingly, this theoretical radial profile of
temperature of fast solar wind is approximately similar to the
observed radial temperature profile of the fast solar wind mea-
sured by PSP in its first encounter (Adhikari et al. 2020a). The
observed proton temperature for the fast solar wind in Fig. 5-B1
shows a large scatter. The dashed curve shows that the theoreti-
cal solar wind electron temperature of fast solar wind decreases
as 94 with increasing heliocentric distance.

Figure 5-A2/B2 displays the comparison between the theo-
retical and observed solar wind proton entropy S, ~ log(P,/p})
(a = (p,e), where p indicates protons and e electrons) for the
slow and fast solar wind as a function of the heliocentric dis-
tance. In both cases, the theoretical and observed proton entropy
agree very well with increasing heliocentric distance. In the
slow solar wind (Fig. 5-A2), the theoretical proton and electron
entropy increase as %! and %%, which results in the proton
and electron entropy increasing by about 0.17% and 0.8% from
142 R to 169 Ry. Similarly, in the fast solar wind (Fig. 5-B2),
the solar wind proton and electron entropy behave as power
laws of %92 and r*2, respectively, indicating that the pro-
ton entropy remains approximately constant, while the electron
entropy increases by about 0.6% within 27 Rs. As suggested by
Adhikari et al. (2020b), the dissipation of turbulence leads to an
increase in the solar wind entropy. The electron heat flux may
also influence the solar wind entropy (e.g., Adhikari et al. 2021).

The fast and slow solar wind exhibit different turbulence
properties. The fast solar wind originates from polar coronal
holes and the slow solar wind originates from the equatorial
region of the Sun. Figure 5-A3/B3 shows that SolO observes
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the slow solar wind with an average speed of about 345 kms™!
between 140R, and 170R., and the fast solar wind with
an average speed of 475kms~! over the heliocentric distance
140—-170 Rs. The theoretical speed of the slow solar wind agrees
very well with the observed speed of slow solar wind, with the
theoretical slow solar wind speed increasing slowly as r*0! as
a function of the heliocentric distance. Similarly, the theoreti-
cal speed of fast solar wind agrees reasonably with the observed
speed, and exhibits a power law of r%%2. The slight increase in
the fast and slow solar wind speed is due to the electron pres-
sure and proton pressure gradients. In the outer heliosphere in
the upwind direction, theory (Zank et al. 2018b) and observa-
tions (Richardson & Wang 2003; Elliott et al. 2019) show that
the solar wind speed decelerates due to the presence of pickup
ions. Such a decrease in the solar wind speed is not observed in
the downwind direction until 75 au because of the reduced pro-
duction of pickup ions (Nakanotani et al. 2020). Furthermore,
Adhikari et al. (2020b) demonstrated that stream-shear interac-
tions can also lead to a decrease in the solar wind speed, although
it is not significant.

(a) Slow solar wind. (b) Fast solar wind.

Figure 5-A4/B4 compares the theoretical and observed solar
wind proton densities as a function of the heliocentric dis-
tance. The theoretical proton density of the slow solar wind and
fast solar wind are in good agreement with the corresponding
observed proton density. In the slow solar wind, the theoretical
proton density exhibits a power law of r~2!, while in the fast
solar wind, the proton density follows a radial profile of =202,
The proton density of the fast solar wind drops more rapidly than
that of the slow solar wind, which is consistent with the higher
speed of the fast solar wind than the slow solar wind.

7. Discussion and conclusions

Turbulence in the solar wind is considered as a superposition of
the majority 2D turbulence and a minority slab turbulence. We
studied anisotropic turbulence in the slow and fast solar wind as
a function of the angle between the mean solar wind speed and
the mean magnetic field (6yp) and as a function of the helio-
centric distance. We used Solar Orbiter measurements from July
7, 2020 — August 31, 2020, in which the Solar Orbiter measures
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Fig. 5. Comparison between the theoretical and observed solar wind proton temperature T}, (first column), solar wind proton entropy S, (second
column), solar wind speed U (third column), and solar wind proton density p (fourth column) as a function of the heliocentric distance for the slow
and fast solar wind. The solid curve shows the theoretical result. The black scatter plot with an error bar shows the observed value. The dashed
curve shows the theoretical solar wind electron temperature (7) and the theoretical solar wind electron entropy (S.). (a) Slow solar wind. (b) Fast

solar wind.

the slow solar wind with an average speed of 340kms~!, and the
fast solar wind with an average speed of 475kms~!. In two solar
wind streams, we calculated the perpendicular energy and slab
energy in forward and backward propagating modes, normalized
residual energy, normalized cross-helicity, fluctuating magnetic
energy, and fluctuating kinetic energy in the direction perpen-
dicular and parallel to the mean magnetic field as a function of
the heliocentric distance and 6yp. We compared the observed
results with the solar wind plus NI MHD turbulence transport
model equations (Zank et al. 2017; Adhikari et al. 2021), and
found excellent agreement between the theoretical and observed
results in the slow and fast solar wind as a function of the helio-
centric distance.
We summarize our basic results as follows.

— The total turbulence energy in forward and backward prop-
agating modes, fluctuating magnetic energy, and fluctuating
kinetic energy in the slow and fast solar wind is approxi-
mately similar to the corresponding 2D plus slab turbulence
energy. The 2D energy in forward and backward propagating
modes, fluctuating magnetic energy, and fluctuating kinetic
energy is similar to the corresponding total energy and higher
than the corresponding slab turbulence energy. This result
is consistent with the NI MHD theory (Zank & Matthaeus
1992b, 1993; Zank et al. 2017), which predicts that solar
wind turbulence is a superposition of the majority 2D com-
ponent and a minority slab component.

— The anisotropy in the Elsisser energies, the magnetic field
fluctuations, and the kinetic energy fluctuations, that is the
ratio between the 2D component and the slab component
(Z22) /4222y, (B2 /(B2,,), and (U2} /(U2 )) in the slow
and fast solar wind increases from 8y = 0° to close to
Oyp = 90° and then decreases as 6y — 180°.

— In the slow solar wind, the theoretical total energy, 2D
energy, and slab energy in forward propagating modes

decreases as 2!, 712 and r~0%7 with increasing helio-
centric distance, respectively. In the fast solar wind, the the-
oretical total energy, 2D energy, and slab energy in forward

propagating modes decreases as r~''13 y7122 and 03!
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with increasing heliocentric distance. The ratio between the
2D energy and slab energy in forward propagating modes
(z%%)/ (z*zb) decreases as a function of the heliocentric dis-

slal

tance, and (z;]%)/ <Z:1§b> > 1 over the heliocentric distance
140-193 R.

In the slow and fast solar wind, the energy in backward prop-
agating modes increases with increasing heliocentric dis-
tance, which is due to a turbulent shear source (Coleman
1968; Adhikari et al. 2015) and gradients in the solar wind
speed, solar wind density, and magnetic field. The total
energy, 2D energy, and slab energy in backward propagat-
ing modes follows radial profiles of 47, r%% and r!** in
the slow solar wind, and 7°3°, r914 and %32 in the fast
solar wind, respectively. The ratio between the 2D energy
and slab energy in backward propagating modes (zg%) / (zs’éb)
increases in the slow solar wind and slightly flattens in the
fast solar wind as a function of the heliocentric distance.
The ratio (z;%) / (z;ﬁb) is greater than 1 between 140-193 R,
indicating that the energy in backward propagating modes in
the direction perpendicular to the mean magnetic field is the
dominant component.

The total fluctuating magnetic energy, the 2D fluctuating
magnetic energy, and the slab fluctuating magnetic energy
decreases as r 2%, r 23 and r 2% in the slow wind,
and 272, r2%7 and r~'** in the fast wind, respectively.
In the slow wind, the ratio between the 2D fluctuating
magnetic energy and the slab fluctuating magnetic energy

(B3p)/(B2,,) decreases more slowly than that in the fast solar

wind. In both cases, the (B},)/(B2 ;) is greater than 1 in the
heliocentric distance 140-193 R,

In the slow solar wind, the total fluctuating kinetic energy
drops as 7%, the 2D fluctuating kinetic energy decreases as
r~12* and the slab fluctuating kinetic energy falls as 792 In
the fast solar wind, the total, 2D, and slab fluctuating kinetic
energy follows the power of 1%, 1% and r~12%, respec-
tively. The theoretical (U%D)/ (U. 521ab> decreases as a function
of the heliocentric distance in the slow and fast solar wind

and shows that (U3;,)/(U3.,) > 1 in the inner heliosphere.
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— In the slow and fast solar wind, the total normalized cross-
helicity, the 2D normalized cross-helicity, and the slab nor-
malized cross-helicity decreases with increasing heliocentric
distance. The normalized cross-helicity in the fast solar wind
is larger than that in the slow solar wind over the heliocentric
distance 140-193 R,,.

— In the slow and fast solar wind, the total normalized resid-
ual energy, the 2D normalized residual energy, and the slab
normalized residual energy decrease with increasing helio-
centric distance. In both cases, the 2D normalized residual
energy is dominated more by the turbulent magnetic energy.
In the slow solar wind, the slab normalized residual energy
is close to 0, while in the fast solar wind, the slab normalized
residual energy is dominated by turbulent magnetic energy,
but it is not as large when compared to the 2D normalized
residual energy.

— The theoretical variance of the density fluctuations in the
slow solar wind follows a power law of 7~+9 and that in the
fast solar wind follows a power law of >4, indicating that
the density variance in the slow solar wind decreases more
slowly than that in the fast solar wind.

— In the slow solar wind, the theoretical correlation length
of quasi-2D energy in forward and backward propagating
modes, and the residual energy is similar to the correspond-
ing observed correlation lengths. In the fast solar wind, the
theoretical correlation length of slab energy in forward and
backward propagating modes and residual energy is similar
to the corresponding observed correlation lengths.

— The proton temperature of slow solar wind follows a power
law of %% and that of fast solar wind exhibits the power
law of 77?6, which indicates that the proton temperature of
fast solar wind decreases more rapidly than that of slow solar
wind. The presence of a turbulent shear source in the slow
solar wind leads to a slow decrease in proton temperature in
the slow solar wind.

— The solar wind density in the fast solar wind decreases
slightly more rapidly than that in the slow solar wind, which
is consistent with the higher speed of fast solar wind than
slow wind.

We studied the evolution of anisotropic turbulence in the fast
and slow solar wind in the inner heliopshere through the 2D and
slab variances of Elsdsser energies, magnetic field fluctuations,
and kinetic energy fluctuations in the direction perpendicular and
parallel to the mean magnetic field (e.g., Robinson & Rusbridge
1971; Zweben et al. 1979; Belcher & Davis 1971) and NI MHD
turbulence model (Zank et al. 2017). Since PSP and Helios 2
also measure fast and slow solar wind streams, it will be of
great significance to compare these results with the 2D and
slab turbulence quantities derived from the PSP and Helios 2
data sets in the inner heliosphere. This will be a subject of
the follow-up study. In addition, we will study the evolution of
anisotropic turbulence in the outer heliosphere in the upwind
direction (Pine et al. 2020) using Voyager 2 measurements and
in the downwind direction using Pioneer 10 measurements with
the NI MHD turbulence model.
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