INAF

ISTITUTO MNAZIOMNALE

Ol ASTROFISICA

MATICHMAL INSTITLITE
FOR ASTROFHYSICS

Publication Year 2015

Acceptance in OA@INAF |2020-03-26T10:09:10Z

Title The transport of low-frequency turbulence in the super-Alfvénic solar wind
Authors Adhikari, L.; Zank, G. P.; BRUNO, Roberto; TELLONI, Daniele; Hunana, P.; et al.
DOl 10.1088/1742-6596/642/1/012001

Handle http://hdl.handle.net/20.500.12386/23586

Journal JOURNAL OF PHYSICS. CONFERENCE SERIES

Number 642




Journal of Physics: Conference Series

PAPER « OPEN ACCESS Related content

. - DO er spectral line shapes and apparen
The transport of low-frequency turbulence in the i oo i B afecied
ow-irequency turbulence

su pe r_A|fvé n iC So|ar W| nd Y. Marandet, H. Capes, L. Godbert-Mouret

etal

- THE TRANSPORT OF LOW-
EREQUENCY TURBULENCE IN
ASTROPHYSICAL FLOWS. II.
SOLUTIONS FOR THE SUPER-
ALFVENIC SOLAR WIND
L. Adhikari, G. P. Zank, R. Bruno et al.

To cite this article: L Adhikari et al 2015 J. Phys.: Conf. Ser. 642 012001

View the article online for updates and enhancements. _ THE TRANSPORT OF LOW-

FREQUENCY TURBULENCE IN
ASTROPHYSICAL FLOWS. I.
GOVERNING EQUATIONS

G. P. Zank, A. Dosch, P. Hunana et al.

Recent citations

- Magnetic Waves Excited by Newborn
Interstellar Pickup lons Measured by the
Vovyager Spacecraft from 1 to 45 au. Il

Instability and Turbulence Analyses
Sophia J. Hollick et al.

- Maanetic Waves Excited by Newborn
Interstellar Pickup lons Measured by the
Voyager Spacecraft from 1 to 45 au. |.
Wave Properties
Sophia J. Hollick et al.

- Correlation Scales of the Turbulent
Cascade at 1 au
Charles W. Smith et al.

Bringing you innovative digital publishing with leading voices

to create your essential collection of books in STEM research.

This content was downloaded from IP address 2.36.33.254 on 18/03/2020 at 12:13


https://doi.org/10.1088/1742-6596/642/1/012001
http://iopscience.iop.org/article/10.1209/epl/i2004-10394-y
http://iopscience.iop.org/article/10.1209/epl/i2004-10394-y
http://iopscience.iop.org/article/10.1209/epl/i2004-10394-y
http://iopscience.iop.org/article/10.1088/0004-637X/805/1/63
http://iopscience.iop.org/article/10.1088/0004-637X/805/1/63
http://iopscience.iop.org/article/10.1088/0004-637X/805/1/63
http://iopscience.iop.org/article/10.1088/0004-637X/805/1/63
http://iopscience.iop.org/article/10.1088/0004-637X/805/1/63
http://iopscience.iop.org/article/10.1088/0004-637X/745/1/35
http://iopscience.iop.org/article/10.1088/0004-637X/745/1/35
http://iopscience.iop.org/article/10.1088/0004-637X/745/1/35
http://iopscience.iop.org/article/10.1088/0004-637X/745/1/35
http://iopscience.iop.org/0004-637X/863/1/76
http://iopscience.iop.org/0004-637X/863/1/76
http://iopscience.iop.org/0004-637X/863/1/76
http://iopscience.iop.org/0004-637X/863/1/76
http://iopscience.iop.org/0004-637X/863/1/76
http://iopscience.iop.org/0004-637X/863/1/75
http://iopscience.iop.org/0004-637X/863/1/75
http://iopscience.iop.org/0004-637X/863/1/75
http://iopscience.iop.org/0004-637X/863/1/75
http://iopscience.iop.org/0004-637X/863/1/75
http://iopscience.iop.org/0004-637X/858/1/21
http://iopscience.iop.org/0004-637X/858/1/21
http://googleads.g.doubleclick.net/pcs/click?xai=AKAOjssJ2cWPTElUIMLOjmA9tT-VayDeiGL5dR8xdz4wyJpXRNFPyg7W-lriVGR3H0Qd_gI91vI-bJRTCLBzhswIp5rOZru2bAS5ej8zN4pg6WY4fFlHg-CXYn6GfWblF6zmBXAyOIA9KNsObO-dleshBvuEYTTqJfvyuUC6RqYFXzG3ZJOSHt7FiwvcbfhqLTs6sLRXUlySAP1A556DaZlebGS6GQ25e7D59MjDnftScUkv8pkGXmUi&sig=Cg0ArKJSzK-JdCiqt6hP&adurl=http://iopscience.org/books

14th ATAC IOP Publishing
Journal of Physics: Conference Series 642 (2015) 012001 doi:10.1088/1742-6596/642/1/012001

The transport of low-frequency turbulence in the
super-Alfvénic solar wind

L Adhikari’?, G P Zank'?, R Bruno?, D Telloni*, P Hunana?, A
Dosch?, R Marino®, and Q Hu'?

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

2Center for Space Plasma and Aeronomic Research (CSPAR), University of Alabama in
Huntsville, Huntsville,

AL 35899, USA

3 (INAF-TAPS Istituto di Astrofisica e Planetologia Spaziali, Via del Fosso del Cavaliere 100,
1-00133 Roma, Italy

4 INAF-Astrophysical Observatory of Torino, Via Osservatorio 20, I-10025 Pino Torinese, Italy
5 National Center for Atmospheric Research, P.O. Box 3000, Boulder, CO 80307, USA

E-mail: 1a0004@uah.edu

Abstract. Understanding the transport of low-frequency turbulence in an expanding
magnetized flow is very important in analyzing numerous problems in space physics and
astrophysics. Zank et al 2012 developed six general coupled turbulence transport equations,
including the Alfvén velocity to describe the transport of low-frequency turbulence for any
inhomogeneous flows, including sub-Alfvénic coronal flows, and super-Alfvénic solar wind flows.
Here, we solve the 1D steady state six coupled turbulence transport equations of Zank et al.
2012, and the transport equation corresponding to the solar wind temperature in the super-
Alfvénic solar wind flows from 0.29 to 100 AU without the Alfvén velocity. We calculate
turbulent quantities corresponding to Voyager 2 data sets for three cases; i) a positive and
negative sign of B,; ii) the azimuthal angle ¢ = tan™"(B;/B,), and iii) a positive and negative
sign of B, where B, and B; are the radial and transverse components of the interplanetary
magnetic field, respectively. We compare our theoretical results to the observational results,
and find good agreement between them.

1. Introduction
Turbulence is very common in the astrophysical plasma such as the solar corona, the solar wind,
the interstellar medium and so on. Turbulence is created in situ by the presence of gradients
in density, pressure, velocity, vorticity, temperature, magnetic fields, and current density. For
example, gradients in velocity occur at interfaces between high and low speed solar wind flows.
Similarly, gradients in density, pressure, velocity and magnetic field are intrinsic properties of a
shock. The solar wind may therefore be considered as a huge laboratory for studying turbulence
([1-3]), and has been studied from the beginning of the space age ([1-7]). The realization that
the Reynolds number of the solar wind is very large (of the order of R, ~ 10® [8]) also supports
the notion that the solar wind is highly turbulent.

Numerous problems in space science and astrophysics require a detailed understanding of the
transport and dissipation of low-frequency turbulence in an expanding magnetized flow. The
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development of turbulence transport model equations started with the first observed fluctuations
in the interplanetary medium. Paul J. Coleman studied the spectral properties of plasma
fluctuations in the solar wind using Mariner 2 spacecraft magnetometer data [5], and found that
the spectra of magnetic fluctuations was similar to that of velocity fluctuations, as predicted by
Kriachnan 1965 [9]. On the other hand, [10] and [4] studied the Mariner 5 magnetometer and
plasma data set using wave analysis, and found that the radial component of the interplanetary
magnetic field (IMF) and the solar wind are highly correlated. Based on observational studies,
[10] and [4] introduced the idea that solar wind fluctuations may be regarded as a superposition
of non-interacting MHD waves, specifically Alfvén waves. The Alfvénic fluctuations do not damp
as rapidly as slow and fast modes MHD waves, and hence Alfvén waves dominate fluctuations
observed in the heliosphere.

One of the most interesting characteristics of the solar wind is the observed radial solar wind
temperature profile which does not follow the adiabatic cooling profile i.e., r~4/3, where r is the
heliocentric distance ([11, 12, 13, 14, 15, 16]). The dissipation of turbulence generated in situ is
thought to be responsible for heating the solar wind in the inner and outer heliosphere.

Observations show that there exist both inward/backward and outward/forward fluctuations
in the solar wind. These oppositely directed propagating modes interact non-linearly such that
large scales energy eventually accumulates at small scales, which is eventually dissipated into
heat energy. The quantity that defines the energy difference between forward and backward
propagating modes is known as the cross helicity. The cross helicity gives us an idea about the
characteristics of Alfvén wave propagation. Another important quantity is the residual energy,
which measures whether the fluctuating energy resides within the magnetic field or velocity
field ([21, 22]). The residual energy is defined as the energy difference between the fluctuating
kinetic and magnetic energy. The residual energy is found theoretically and observationally to
be negative in the inner and outer heliosphere ([21, 22, 23, 24, 25]), indicating the dominance
of fluctuating magnetic energy in the MHD fluctuations.

2. Turbulence transport equations

Since the earliest observations of turbulence in the solar wind, there has been considerable
interest in understanding how turbulence is transported. Turbulence transport equations
describe the evolution of fluctuations throughout the solar wind and the heliosphere. The
traditional approach for modeling the transport of fluctuations was based on the Wentzel-
Kramers-Brillouin (WKB) theory ([26, 37, 28]), which is a linearized wave description. The
WKB model considers non-interacting propagating waves, and therefore neglects possible mixing
or coupling between propagating modes. However, forward and backward propagating modes can
typically be coupled via a three wave interaction mediated by a zero frequency mode. Therefore,
several models were developed to address the limitations of the WKB model ([29-32]).

For studying turbulence, the use of the sum and difference of the velocity and magnetic
fluctuations, u and b, respectively, is more convenient to use rather than considering each
separately. This is because the incompressible MHD equations can be expressed compactly in
terms of the Elsdsser variables. The sum and difference of the fluctuations form the Elsdsser
variables, zt¥ = u £ b/,/ugp ([33]), where the fluctuating magnetic field is normalized to
the Alfvén unit and p is the solar wind density. The parameters z* describe two oppositely
propagating modes, and their directions are defined with respect to the large-scale magnetic
field By.

WKB theory assumes that interplanetary fluctuations are Alfvén waves, from which it follows
that the variance in the fluctuating magnetic field (b%) decays as r~3, where r is the heliocentric
distance. WKB theory successfully explains the radial evolution of magnetic fluctuations within
~ 8 AU. However, beyond 8 AU, WKB theory fails to explain the observed evolution of the
variance in magnetic field fluctuations. The reason is that WKB theory is a linear theory for
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small amplitude Alfvén waves propagating in the inhomogeneous solar wind. Zank et al 1996
[34] developed two coupled turbulence transport equations, which describe the transport of the
fluctuating magnetic energy density E, (= (b?)/pop) and the correlation length A beyond ~ 1
AU. However, [34] cannot be applied within 1 AU because it assumes zero cross helicity and
constant Alfvén ratio. Later, [35], [36], and [37] further developed the turbulence transport
models using the similar formalism of [34]. These models can be applied within 1 AU, but they
do not include the Alfvén velocity and also cannot describe the residual energy. The Alfvén
velocity is very important in sub-Alfvénic coronal flows. Similarly, the residual energy is an
important quantity for the MHD fluctuations. To address all these limitations, Zank et al
2012 [38] developed six coupled turbulence transport equations that describe the transport of
energy in forward and backward propagating modes, the residual energy, the correlation length
corresponding to forward and backward propagating modes, and the correlation length for the
residual energy. Since [38] includes the Alfvén velocity, we can use the transport equations
to study turbulence in sub-Alfvénic coronal flows as well as study turbulence in the super-
Alfvénic solar wind. In the latter case, we neglect the Alfvén velocity in the turbulence transport
equations.

The 1D steady-state six coupled turbulence transport equations of [38] in terms of f = (z*2)
and g = <z‘2> and a = 1/2 and b = 0 and neglecting the Alfvén velocity, in a spherical coordinate
system are given by

UZJ;—FU‘:?%—U%)—FED:—2f§ZQ+2<S+-z+>; (1)

Uzi+Uf+U]iD—PED=—29§1/2+2<S—.Z—>; (2)

U?+U?+<f_r>-’jgz_% f;/z+9;f (S ezt (ST ) (3)

U@f%—?[i—i] (AD—2A+):291/2—2<Z+'fS+>A+; (4)

U%_ + E;D [QUT — g] (Ap —2X7) = 2fY/2 — 2wx; (5)
U‘@%L(Z—F) f]_;;g (fA;igA_—AQD>=AD f;QJrg;f —g][;[@ S+

(6)

where f is the energy corresponding to backward propagating modes, ¢ is the energy
corresponding to forward propagating modes, Ep = < u? >—< b2/ pop > is the residual energy, AT is
the correlation length corresponding to backward propagating modes, A~ the correlation length
corresponding to forward propagating modes, and A\p the correlation length corresponding to
the residual energy. Terms such as <Si -zt > refer to sources of turbulence, which we discuss
later. The parameter I'(= n;n;0U;/0U;) is the shear mixing term, which we neglect by choosing
r=o0.

In Equations (1), (2), and (3), the first terms on the right hand side indicate the dissipation for
the energy in backward and forward propagating modes and the residual energy. By combining
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all three dissipation terms, we can write the evolution equation for the solar wind temperature
as [18-21, 25]

U—+(y-1) +

dr 2UT  1m, |fg'/? gf'/? 2 g2
=071 E
dr r 9kg | At v TEp : (7)

where v = 5/3 is the adiabatic index, m, is the proton mass, kp is the Boltzmann constant,
and « is the von Kérmdan-Taylor constant. We choose a = 1 ([18]). The first term inside the
square bracket in Equation (7) corresponds to the dissipation term for the energy in backward
propagating modes, the second term to the dissipation term for energy in forward propagating
modes, and the third term is the dissipation term for the residual energy.

The total turbulent energy E7, the cross helicity E¢, the fluctuating magnetic energy density
Ey, and the Alfvén ratio 74 can be expressed in terms of f and g as ([38])

Br = (v) + (P /nop) = 15, ®)
EC:2<u.b/W>:%; (9)
/¥ \ Er—Ep f4+g-2Ep
A B o

(u?) _Er+Ep f+g+2Ep
v2/uwop) Er—FEp f+g—2Ep’
o Er+Ep f+g+2Ep
2 2
These turbulent quantities have been previously studied by several authors. However, here

we apply a more sophisticated set of turbulence transport model equations to calculate these
quantities, and then we compare to Voyager 2 observations.

(11)

rA:<

(12)

3. Sources of turbulence

There are in principle three types of turbulence sources, stream shear ([5]), shock waves ([39]),
and pickup ions ([40]). The first two sources are important within 4—5 AU, and the third source
is important beyond the ionization cavity (2 6 — 10 AU). The shear source can be written in a
form similar to that of [34] and [25],

(8% 5%) = O 20 (13)
(8727 )= Csh(g)AUihearg; (14)

(872%) (8% 2 ) = [Can()) + Canlg)) e
where Cy,(f) and Cg,(g) are the strengths of shear interaction corresponding to backward and
forward propagating modes, respectively, and AUgpear (= 350 kms™!) is the velocity difference
between the fast and slow solar wind speed. It is assumed that shear driving generally supplies
energy to the forward and backward propagating modes at an equal rate i.e., Cs,(f) = Csp(9).
Similarly, the stream source of turbulence due to shocks for backward and forward propagating
modes, and residual energy respectively is given by

Ep, (15)

AUshock

(872" ) = Cahook(f) f (16)
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< S™ -z > = Cshock(g)%g; (17)
_ _ AUshock
<S zt > + <S+ "z > = [Cshock(f) + Cshock(g)]%EDa (18)

where Cgpock(f) and Cghock(g) parametrize the generation of energy for the backward and
forward propagating modes, respectively, and AUgpoek is the difference between the upstream
and downstream speed of the shock. Finally, the pickup ion source of turbulence for backward
and forward propagating modes, and the residual energy is

(st 2%) = TP o [ 2X (19)
NswTion sy
~ -\ _ 1/p(gnFUVa A
(8727)= 2 NgwTion P rsiny |’ (20)
(S™-z")+ (8T -z )=0. (21)

Here, 0 < fp(f) < 1 and 0 < fp(g) < 1, and are functions of V4/U which determines the
fraction of pickup ion energy transferred into excited waves. It is assumed that pickup ions
provide energy equally to forward and backward propagating modes i.e., fp(f) ~ fp(g). The
parameter n% is the number density of interstellar neutrals, Ti%n is the neutral ionization time
at 1 AU, X is the ionization cavity length scale, and y is the angle between the observation point

and the upstream direction.

4. Results

We solve the seven coupled equations (1)—(7) numerically using a Runge-Kutta 4th order method
from 0.29 to 100 AU, and compare the theoretical results to Voyager 2 observations. The
initial conditions for the solar wind parameters at 0.29 AU are, f = 753 (kms™!)2, g = 13,515
(kms™1)2, Ep = —57.07 (kms~1)2, A = 0.00143 AU, A~ = 0.000779 AU, A\p = 0.0204 AU,
and T = 3.5 x 10° K. For the observations, we use Voyager 2 1 hour resolution data sets from
1977 though 2005 to calculate the solar wind parameters from 1 to ~ 75 AU. The process to
find the observed values is as follows; we consider R, T, and N components of the magnetic and
velocity fields, the solar wind density, and the solar wind temperature. At first, the sequential 10
hours interval data sets are considered, and then the mean field corresponding to the magnetic
field, the solar wind speed, the solar wind temperature, and the solar wind density is calculated.
After that the fluctuating magnetic field b and solar wind speed u are calculated for each 10
hour interval. Elsisser variables are then calculated by using z© = u+ b/ VHop, where pig is a
permeability of free space, and p is the mean solar wind density. Note that Elsésser variables
as well as the turbulent quantities are calculated for three cases; i) positive and negative sign of
the radial component of the magnetic field B,; ii) 0° < ¢ < 180° and 180° < ¢ < 360°, where
¢ = tan~!(B;/B,) is an azimuthal angle, and iii) positive and negative sign of the T' component
of the magnetic field B;. Here, 0° < ¢ < 180° identifies one polarity of the magnetic field,
and 180° < ¢ < 360° the other polarity ([41-43]). In our case, we assume that 0° < ¢ < 180°
represents outwardly directed magnetic field, and 180° < ¢ < 360° inwardly directed magnetic
field.

We use two criteria, i) the mean square fluctuations of the velocity and magnetic field should
be smaller than the square of mean fields and ii) each interval should contain at least five good
data points, in each 10 hour interval data set. The turbulent quantities such as the Elsasser
variables, the residual energy, the solar wind density, the solar wind temperature, the variance
in the magnetic field fluctuations and the fluctuating kinetic energy, are calculated only if the
criteria ii) is satisfied, otherwise we neglect the interval and move then to next interval. We
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follow similar procedure until the end of each yearly data sets. We use criteria i) to remove
irregular fluctuations from each interval. From the observed Elsésser variables, the variances
are calculated. These variances correspond to the energy in forward and backward propagating
modes. We then use Equations (8)—(12) to find other turbulent quantities. Note that we
calculate the R, T, and N components as well as the total turbulent quantities as a function
of heliocentric distance. Finally, we smooth the observed values by taking 50 10-hours interval
data sets from an intermediate file, where we use criteria i). The remaining observed quantities
are averaged to find the smoothed observed values.

To find the correlation length corresponding to forward and backward propagating modes
and the residual energy, 20 hour interval data sets are considered. Elsdsser variables are then
calculated in each 20 hour interval data sets, which are then used to calculate the auto-correlation
and cross-correlation function. The auto-correlation function is used to find the correlation
length for the forward and backward propagating modes, and the cross-correlation function for
the correlation length corresponding to the residual energy ([25,44]). The correlation length
corresponds to lag r where the auto- or cross-correlation function becomes 1/e of the maximum
value.

Figure 1 shows the comparison between the theoretical and observed correlation length
corresponding to different energy modes. The blue curve denotes the correlation length for
forward propagating modes, the red curve for backward propagating modes, and the green curve
for the residual energy. Similarly, the scatter circles, triangles, and diamonds symbol identify

104
—
A+
10 Ao
E (o) N
:4 2 Ayt
102 \
(@) D
£ 10'f
(@)]
[
s
100}
107" : .
10" 10° 10" 102

R (AU)

Figure 1. Comparison between the theoretical and observed correlation lengths corresponding
to forward and backward propagating modes and the residual energy as functions of heliocentric
distance. The solid blue, red and green straight lines guide the theoretical correlation lengths
between 1-10 AU and beyond 10 AU (see text for details).

the observed correlation length for forward and backward propagating modes, and the residual
energy, respectively. The two correlation lengths (blue and red curves) approach one another
beyond ~ 1 AU, and then become approximately equal beyond ~ 20—30 AU. On the other hand,
the correlation length for the residual energy (green curve) increases beyond 10 AU. The increase
in the residual correlation length is due to the assumption that we set the pickup ion source
for the residual energy to zero. We believe that pickup ions in the outer heliosphere beyond
the ionization cavity generate Alfvénic fluctuations such that there is equipartition between the
fluctuating kinetic and magnetic energy. The pickup ion source for the residual energy may need
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further investigation.

In Figure 1, the solid blue, red, and green straight lines describe the power law fits to different
parts of the blue, red, and green curves, respectively, such that between 1 — 10 AU (non-PUI
influenced), and > 10 AU (PUI mediated). The slopes of the blue, red, and green straight lines
between 1 — 10 AU are 0.7772, 0.515, and 0.8166, respectively, and for > 10 AU are 0.16, 0.14,
and 1.737, respectively. In the case of blue and red straight lines, the slopes between 1-10 AU
are large so that there are significant increments in the correlation lengths, however, there are
no significant increments in the correlation lengths beyond 10 AU since the slopes are small. On
the other hand, the slope corresponding to the green curve is larger beyond 10 AU than between
1-10 AU, which indicates that the correlation length for the residual energy should increase
faster beyond 10 AU than between 1-10 AU.

4.1. Turbulent quantities related to a positive and negative sign of B,
As mentioned earlier, we calculate the turbulent quantities corresponding to a positive and a
negative sign of B,, and compare them to our theoretical results. The comparisons between the

R (AU) R (AU)

Figure 2. Left: Comparison between the theoretical and observed energy in backward
propagating modes as a function of heliocentric distance. Right: Comparison between
the theoretical and observed energy in forward propagating modes as a function of
heliocentric distance. Solid curves are theoretical results and scatter triangles are total
observed values. The solid blue straight lines guide the solid curves between 1-10 AU
and beyond 10 AU (see text for details).

theoretical and observed energy in backward and forward propagating modes are shown in the
left and right panel of Figure 2, respectively. The left panel of Figure 2 shows that the energy
in backward propagating modes decreases sharply at first, increases until ~ 1 — 2 AU, and
then decreases with increasing heliocentric distance. The comparison between the theoretical
and observed f shows that both result follow a similar trend i.e., both decrease gradually as a
function of heliocentric distance. The right panel of Figure 2 also shows that both the theoretical
and observed g decrease monotonically with increasing heliocentric distance. Furthermore, the
left panel of Figure 2 shows an important characteristic in that backward propagating modes
are generated within ~ 1 — 2 AU. The generation of backward modes is due to the presence
of a shear source of turbulence. Furthermore, in the figure, the blue straight lines describe the
power law fits to different parts (between 1-10 AU and beyond 10 AU) of the red curves. The
slopes of the straight lines between 1-10 AU for f and g are -0.3804 and -0.9012, respectively,
and beyond 10 AU are -0.1343 and -0.1725, respectively. The slopes corresponding to different
parts of the curves indicate that f and ¢ decrease faster between 1-10 AU than beyond 10 AU.
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The left and right panels of Figure 3 illustrate the comparison between the theoretical and
observed result for the total turbulent energy E7 and the fluctuating magnetic energy density Ej
as a function of heliocentric distance, respectively. To calculate the total turbulent energy and

104

10° . 1 10°
10" 10° 10" 102 107"
R (AU)

Figure 3. Left: Comparison between the theoretical and observed total turbulent energy
as a function of heliocentric distance. Right: Comparison between the theoretical and
observed fluctuating magnetic energy density as a function of heliocentric distance. Solid
curves are theoretical results and scatter triangles are observational results. The solid
blue straight lines guide the solid curves between 1-10 AU and beyond 10 AU (see text
for details).

the fluctuating magnetic energy density, we use Equations (8) and (9), respectively. The result
shows that the theoretical and observed Ep decrease gradually with increasing heliocentric
distance. Similarly, the theoretical and observed FE} decrease monotonically with increasing
heliocentric distance. In the left and right plots of Figure 3, the blue straight lines describe
the power law fits to different parts of the curves, between 1-10 AU and beyond 10 AU. In
the left figure, the slope of the blue line between 1-10 AU is -0.7206 and beyond 10 AU is
-0.1538. Similarly, in the right plot, the slopes between 1-10 AU and beyond 10 AU are -0.7565
and -0.2949, respectively. Both Er and Ejp have larger negative slopes between 1-10 AU than
beyond 10 AU so that these quantities between 1-10 AU decrease faster in comparison to that
of beyond 10 AU.

The left and right panel of Figure 4 illustrate the comparison between the theoretical and
observed magnetic field variance (b?) and fluctuating kinetic energy (u?) as a function of
heliocentric distance, respectively. The left panel of Figure 4 shows good agreement between
the theoretical and observed (b?) from 1 to ~ 75 AU. The right panel of Figure 4 shows that
the theoretical (u?) cannot reproduce the observed (u?) within ~ 7 AU, however, the theoretical
(u?) is consistent with the observed (u?) beyond ~ 7 AU. In the left panel of Figure 4, the blue
straight lines describe the power law fits to the theoretical results between 1-10 AU and beyond
10 AU. The slopes of the blue lines between 1-10 AU and beyond 10 AU are -2.7565 and -2.2949,
respectively. The different slopes indicates that (b?) decreases with different power law index
within 10 AU and beyond 10 AU, such that the decrease in (b?) is larger within 10 AU than
beyond 10 AU.

The left and right panel of Figure 5 illustrate the comparison between the theoretical and
observed normalized residual energy and Alfvén ratio as a function of heliocentric distance,
respectively. Recall that the residual energy is defined as the difference between the fluctuating
kinetic and magnetic energy, and the Alfvén ratio is the ratio between the fluctuating kinetic
and magnetic energy. Close to the Sun, the fluctuating kinetic and magnetic energy are
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Model N
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Figure 4. Left: Comparison between the theoretical and observed magnetic field
variance as a function of heliocentric distance. Right: Comparison between the
theoretical and observed fluctuating kinetic energy as a function of heliocentric distance.
Solid curves are theoretical results and scatter triangles are observational results. The
solid blue straight lines guide the solid curves between 1-10 AU and beyond 10 AU (see
text for details).
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Figure 5. Left: Comparison between the theoretical and observed normalized residual
energy as a function of heliocentric distance. Right: Comparison between the theoretical
and observed fluctuating Alfvén ratio as a function of heliocentric distance. Solid curves
are theoretical results and scatter plus symbols are observational results.

approximately equipartitioned. Therefore, the residual energy is close to 0 at 0.29 AU (left-
panel), and the Alfvén ratio close to 1 (right-panel). Both theoretical results for the normalized
residual energy and the Alfvén ratio show that the fluctuating magnetic energy in MHD
fluctuations increases with increasing heliocentric distance up to ~ 5 — 6 AU, but beyond
~ 5—6 AU the fluctuating kinetic energy begins to increase such that the fluctuating kinetic and
magnetic energy is approximately equipartitioned beyond 20 — 30 AU. The blue plus symbols
in the left and right panel of Figure 5 indicate the observed values. There is a large scatter in
the observed normalized residual and Alfvén ratio, which may be due to the plasma data.

The left and right panel of Figure 6 illustrate the normalized cross helicity and the solar
wind temperature as a function of heliocentric distance, respectively. In the figure, the solid
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Figure 6. Left: Comparison between the theoretical and observed normalized cross
helicity as a function of heliocentric distance. Right: Comparison between the theoretical
and observed solar wind temperature as a function of heliocentric distance. Solid curves
are theoretical results and scatter plus symbols are observed results. The solid black
straight lines guide the solid curves between 1-10 AU and beyond 10 AU (see text for
details).

curves are the theoretical results and the scatter plus symbols are the observational results. The
left panel shows that the cross helicity decreases gradually with increasing heliocentric distance,
and becomes approximately zero beyond ~ 30 AU. The right panel shows that the theoretical
and observed solar wind temperature decrease monotonically up to ~ 10 — 20 AU, and then
increases up to ~ 75 AU. The increase in the temperature beyond ~ 10 — 20 AU is due to the
presence of pickup ions in the outer heliosphere. In the right panel of Figure 6, the black straight
lines describe the power law fits to different parts, between 1-10 AU and beyond 10 AU, of the
solar wind temperature (red curve). The slope of the black curve between 1-10 AU is -1.23,
and beyond 10 AU is 0.5692, which clearly indicates that the solar wind temperature decreases
between 1-10 AU, and increases beyond 10 AU.

4.2. Turbulent quantities related to the azimuthal angle ¢

The magnetic field in the outer heliosphere is mainly azimuthal, therefore the azimuthal angle ¢
(=tan~!(B;/B,)) is used to find the polarity of the magnetic field. The angle ¢ varies between
0° and 360°. Recall that for 0° < ¢ < 180°, the polarity of the magnetic field is outward, and
for 180° < ¢ < 360°, the polarity is inward.

The left and right panel of Figure 7 illustrate the energy in backward and forward propagating
modes, respectively. The comparison between the theoretical and observed results of f and
g shows that both decrease monotonically from ~ 1 AU with increasing heliocentric distance.
Moreover, the trends in the observed f and g are similar to the previous observed values obtained
by considering the sign of B,, Figure 2. The left panel of Figure 8 illustrates the total turbulent
energy as a function of heliocentric distance, and the right panel the fluctuating magnetic energy
density. Figure 8 indicates that the theoretical and observational results of the total turbulent
energy and the fluctuating magnetic energy density are in good agreement. These results show
that all the energies decay with the expansion of the solar wind.

The left and right panel of Figure 9 describe the variances in the magnetic field and solar
wind velocity fluctuations, respectively. The theoretical and observed variance in the fluctuating
magnetic field, left panel of Figure 9, show good agreement. On the other hand, the theoretical
and observed variance in the fluctuating solar wind velocity, right panel of Figure 9, are consistent
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Figure 7. Left: Comparison between the theoretical and observed energy in backward
propagating modes as a function of heliocentric distance. Right: Comparison between
the theoretical and observed energy in forward propagating modes as a function of
heliocentric distance. Solid curves are theoretical results and scatter triangles are
observational results.
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Figure 8. Left: Comparison between the theoretical and observed total turbulent energy
as a function of heliocentric distance. Right: Comparison between the theoretical and
observed fluctuating magnetic energy density as a function of heliocentric distance. Solid
curves are theoretical results and scatter triangles are observational results.

only beyond ~ 7—8 AU. The observed values are similar to the previous observed values obtained

by considering the sign of B,., Figure 4.

The left panel of Figure 10 illustrates the normalized residual as a function of heliocentric
distance, and the right panel the Alfvén ratio. Similarly, the left and right panel of Figure
11 illustrate normalized cross helicity and the solar wind temperature, respectively. All these
observed values are similar to those of the previous observed values as well, Figures 5 and 6.

4.8. Turbulent quantities related to a positive and negative sign of By

In this case, we use the sign of B; to find the polarity of the interplanetary magnetic field. The
turbulent quantities are calculated for the positive and negative sign of B; separately, and then

the results are combined.
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Figure 9. Left: Comparison between the theoretical and observed magnetic field
variance as a function of heliocentric distance. Right: Comparison between the
theoretical and observed fluctuating kinetic energy as a function of heliocentric distance.
Solid curves are theoretical results and scatter triangles are observational results.
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Figure 10. Left: Comparison between the theoretical and observed normalized residual
energy as a function of heliocentric distance. Right: Comparison between the theoretical
and observed fluctuating Alfvén ratio as a function of heliocentric distance. Solid curves
are theoretical results and scatter plus symbols are observational results.

The left and right plots of Figure 12 illustrate the comparison between the theoretical and
observed energy in backward and forward propagating modes, respectively. Similarly, the left
and right panels of Figure 13 describe the total turbulent energy and the fluctuating magnetic
energy density with increasing heliocentric distance, respectively.

The variance in the fluctuating magnetic field and the solar wind velocity as a function of
heliocentric distance are shown in the left and right panels of Figure 14, respectively. The
normalized residual energy as a function of heliocentric distance is illustrated in Figure 15 (left
panel), and the right panel of Figure 15 describes the Alfvén ratio. Furthermore, the normalized
cross helicity and the solar wind temperature are shown in the left and right plots of Figure
16. All the comparisons show good agreement between the theoretical and observed results.
Moreover, the observed values are also similar to the observed values obtained by considering
the azimuthal angle.
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Figure 11. Left: Comparison between the theoretical and observed normalized cross
helicity as a function of heliocentric distance. Right: Comparison between the theoretical
and observed solar wind temperature as a function of heliocentric distance. Solid curves
are theoretical results and scatter plus symbols are observational results.
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Figure 12. Left: Comparison between the theoretical and observed energy in backward
propagating modes as a function of heliocentric distance. Right: Comparison between
the theoretical and observed energy in forward propagating modes as a function of
heliocentric distance. Solid curves are theoretical results and scatter triangles are
observational results.

5. Conclusions
In this paper, we investigated the transport of low-frequency turbulence in the super-Alfvénic
solar wind flows theoretically and observationally. We solved the 1D steady state seven
coupled turbulence transport equations numerically using a 4th order Runge-Kutta method.
We calculated the observed turbulent quantities for three cases; i) a positive and negative sign
of By, ii) the azimuthal angle ¢, and iii) a positive and negative sign of B;. We found that
the observed turbulent quantities for the last two cases are the same, and the trends of these
observed results are similar to that of the observed results when using the sign of B,,. We found
that the theoretical results are consistent with all the observed values. We conclude therefore
that the Zank et al 2012 [38] turbulence transport model equations can explain the transport of
low-frequency turbulence in the super-Alfvénic solar wind flow.

We considered the evolution of the energy in backward propagating modes from 0.29 to 100
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Figure 13. Left: Comparison between the theoretical and observed total turbulent
energy as a function of heliocentric distance. Right: Comparison between the theoretical
and observed fluctuating magnetic energy density as a function of heliocentric distance.
Solid curves are theoretical results and scatter triangles are observational results.
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Figure 14. Left: Comparison between the theoretical and observed magnetic field
variance as a function of heliocentric distance. Right: Comparison between the
theoretical and observed fluctuating kinetic energy as a function of heliocentric distance.
Solid curves are theoretical results and scatter triangles are observational results.

AU. Our result shows that backward modes are generated in situ within 1 AU. The creation of
backward propagating modes is due to the in situ generation of turbulence by shear driving in
the inner heliosphere. We also found that the MHD fluctuations in the solar wind are dominated
by the fluctuating magnetic energy between ~ 1 and ~ 10 AU. However, the fluctuating kinetic
and magnetic energy is approximately equipartitioned within ~ 1 AU and beyond ~ 10 AU.
We also found that all the energies decay with increasing heliocentric distance at a rate that
is slower than would be expected of adiabatic expansion. This is due to the in situ generation of
turbulence in the heliosphere. The dissipation of these energies results in plasma heating, which
is the reason for the solar wind temperature profile being non-adiabatic. The normalized cross
helicity as a function of heliocentric distance is approximately zero beyond ~ 30 AU. It clearly
indicates that the energy in forward and backward propagating modes is equipartitioned i.e.,
g ~ f. We find that the correlation lengths corresponding to forward and backward propagating
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Figure 15. Left: Comparison between the theoretical and observed normalized residual
energy as a function of heliocentric distance. Right: Comparison between the theoretical
and observed fluctuating Alfvén ratio as a function of heliocentric distance. Solid curves
are theoretical results and scatter plus symbols are observational results.
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Figure 16. Left: Comparison between the theoretical and observed normalized cross
helicity as a function of heliocentric distance. Right: Comparison between the theoretical
and observed solar wind temperature as a function of heliocentric distance. Solid curves
are theoretical results and scatter plus symbols are observational results.

modes are approximately equal beyond ~ 30 AU i.e., A= ~ AT. It suggests that if the energy
in forward and backward propagating modes is equal, the correlation length corresponding to
these energy modes should also be equal, and vice versa. In this situation, the two energy modes
dissipate at the same rate.
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Appendix A. Comparison to the R, 7', and N component turbulent quantities
related to a positive and negative sign of B,

In this section, we compare our theoretical results to the R, T, and N component observed
values. The top left plot of Figure 17 illustrates the total turbulent energy as a function of
heliocentric distance from 0.29 to 100 AU. The top right plot of Figure 17 illustrate the energy
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Figure A1l. From top left in clockwise order, the plots show respectively the comparison
of the theoretical model and the observed total turbulent energy, the energy in forward
propagating modes, the fluctuating magnetic energy density, and the energy in backward
propagating modes from 0.29 to 100 AU, respectively. The solid curves are theoretical
results and the scatter plus symbols are observed values. The suffix R, T', and N indicates
the R-component, T-component, and N-component of the observed values.

in forward propagating modes, the bottom left the energy in backward propagating modes, and
the bottom right the fluctuating magnetic energy density. In the figure, the red curves denote
the theoretical results, and the scatter red, green, and blue plus symbols denote the R, T', and
N component observed values. The observed R, T, and N values show that the trend of each
component is similar throughout the heliosphere from 1 to ~ 75 AU. These observed values
are smaller than the corresponding total observed values, and the trends are similar to the
theoretical results as well as to the total observed values.

The left and right panels of Figure 18 illustrate the variance in the fluctuations of the magnetic
field and the solar wind speed with increasing heliocentric distance, respectively. Again, in the
figure, the red curves denote the theoretical results, and the scatter red, green and blue plus
symbols denote the R, T, and N observed values, respectively. The comparison between the
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Figure A2. Left: Comparison of the fluctuating magnetic energy between the
theoretical model and observations from 0.29 to 100 AU. Right: Comparison of the
fluctuating kinetic energy from 0.29 to 100 AU. The scatter plus symbols denotes the
observed values derived from Voyager 2 1-hr data. The suffix R, T', and N indicates the
R-component, T-component, and N-component of the observed magnetic and kinetic
energy.

theoretical and observed variance in the fluctuating magnetic field shows that both results are
in a good agreement. In the case of the variance in the fluctuating solar wind speed, Figure 18
(right), the observed values within ~ 5—6 AU are closer to the theoretical results in comparison
to the total observed fluctuating kinetic energy, Figure 14 (right).

Appendix B. Comparison to the R, T', and N component turbulent quantities
related to the azimuthal angle
In this case, the R, T, and N component observed values are calculated considering the
azimuthal angle ¢. Note that the turbulent quantities are calculated for 0° < ¢ < 180° and
180° < ¢ < 360° separately, and then the results are combined. Figure 19 illustrates the total
turbulent energy, the energy in forward propagating modes, the fluctuating magnetic energy
density, and the energy in backward modes as a function of heliocentric distance in a clockwise
direction, respectively. It is interesting to note that the trend of these observed values is similar
to that of the previous observed values, where the sign of B, was used to calculate the turbulent
quantities. The theoretical and observed results also show similar trends from 1 to 75 AU.
The left and right panels of Figure 20 illustrate the variance in the magnetic field and the
fluctuating kinetic energy with increasing the heliocentric distance, respectively. Again, these
observed results are similar to that of the previous results, left and right panels of Figure 18.

Appendix C. Comparison to the R, T', and N component turbulent quantities
related to a positive and negative sign of B;

We also calculate the R, T, and N component turbulent quantities considering the sign of B;.
The comparison between the theoretical results and the R, T', and N component turbulent
quantities with increasing heliocentric distance is shown in Figure 21, where the top left plot
describes the total turbulent energy, the top right plot the energy in forward propagating modes,
the bottom left plot the energy in backward propagating modes, and the bottom right plot
the fluctuating magnetic energy density. It is observed that these turbulent quantities and the
previous observed results, Figure 17 are the same. The left and right panel of Figure 22 illustrate
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Figure B1. From top left in clockwise order, the plots show respectively the comparison
of the theoretical model and the observed total turbulent energy, the energy in forward
propagating modes, the fluctuating magnetic energy density, and the energy in backward
propagating modes from 0.29 to 100 AU, respectively. The solid curves are theoretical
results and the scatter plus symbols are observed values. The suffix R, T', and N indicates
the R-component, T-component, and N-component of the observed values.

the variance in the fluctuating magnetic field and the fluctuating kinetic energy as a function of

heliocentric distance, respectively.
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Figure B2. Left: Comparison of the fluctuating magnetic energy between the theoretical
model and observations from 0.29 to 100 AU. Right: Comparison of the fluctuating
kinetic energy from 0.29 to 100 AU. The scatter plus symbols denotes the observed values
derived from Voyager 2 1-hr data. The suffix R, T', and N indicates the R-component,
T-component, and N-component of the observed magnetic and kinetic energy.
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Figure C2. Left: Comparison of the fluctuating magnetic energy between the theoretical
model and observations from 0.29 to 100 AU. Right: Comparison of the fluctuating
kinetic energy from 0.29 to 100 AU. The scatter plus symbols denotes the observed values
derived from Voyager 2 1-hr data. The suffix R, T', and N indicates the R-component,
T-component, and N-component of the observed magnetic and kinetic energy.
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