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ABSTRACT

A primary goal of the Parker Solar Probe (PSP) Mission is to answer the outstanding question of how the solar corona plasma is heated to
the high temperatures needed for the acceleration of the solar wind. Various heating mechanisms have been suggested, but one that is
gaining increasing credence is associated with the dissipation of low frequency magnetohyrodynamic (MHD) turbulence. However, the
MHD turbulence models come in several flavors: one in which outwardly propagating Alfvén waves experience reflection from the large-
scale flow and density gradients associated with the solar corona, and the resulting counterpropagating Alfvén waves couple nonlinearly to
produce quasi-2D turbulence that dissipates and heats the corona, thereby driving the solar wind. The second approach eschews a dominant
outward flux of Alfvén waves but argues instead that quasi-2D turbulence dominates the lower coronal plasma and is generated in the con-
stantly upwelling magnetic carpet, experiencing dissipation as it is advected through the corona and into the solar wind, yielding tempera-
tures in the corona that exceed a million degrees. We review the two turbulence models, describe the modeling that has been done, and relate
PSP observations to the basic predictions of both models. Although PSP measurements are made in the super-Alfvénic solar wind, the obser-
vations are close to the coronal region, thus providing a glimpse into the likely properties of coronal turbulence. Observations of low-
frequency MHD turbulence by PSP in the super-Alfvénic solar wind allow us to place constraints on models of the turbulently heated solar
corona that drive the supersonic solar wind.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0055692
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I. INTRODUCTION

The Parker Solar Probe (PSP), launched in August 2018 and
designed to reach a radial distance of ~10R, (solar radius) above the
solar surface,’ has completed seven orbits around the Sun. The out-
standing question of how the solar corona is heated and the solar wind
accelerated is central to the PSP mission.”” The solar wind is classified
typically into two classes according to the plasma flow velocity

observed at 1 astronomical unit (au): fast solar wind with a velocity
> 500 km/s and slow solar wind with a velocity < 500 km/s. It is gen-
erally accepted that the fast solar wind originates from coronal holes
with open magnetic field lines, but the origin of slow solar wind
streams is still debated.”” Central to the coronal heating problem,
whether in fast or slow wind, is the transport of waves and turbulence
beyond the photosphere. Several models for heating the solar corona
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and the subsequent driving of the solar wind have been advanced, the
two most popular being the dissipation of low frequency magnetohy-
drodynamic (MHD) turbulence or the dissipation of ion cyclotron
waves. The MHD turbulence models can be further distinguished by a
two class classification of the physical models as introduced by
Cranmer and van Ballegooijen.” The first is described as “wave/turbu-
lence-driven” (W/T-) models and the other as “reconnection/loop-
opening” (RLO-) models.

PSP is currently measuring plasma and magnetic fields above the
Alfvén surface. Although these measurements are made in the super-
Alfvénic solar wind, the observations bring us closer to the surface of
the Sun than ever before, thus providing us with our best glimpse so
far into the likely properties of coronal turbulence. As we describe
below, observations of low-frequency MHD turbulence by PSP allow
us to now begin constraining models of the turbulently heated solar
corona that drives the supersonic solar wind. These models postulate a
source of turbulence at a base location, perhaps just above the photo-
sphere or, more typically for wave-turbulence models, just above the
chromosphere. By modeling the evolution of MHD turbulence in the
corona, through the Alfvén surface, and into the supersonic solar wind
(identifying further possible in situ sources of turbulence), the con-
straints inferred from PSP observations can now be applied to the
models. Although preliminary, these new observational constraints on
the models already shed considerable light upon the origin of coronal
and solar wind turbulence, the heating of coronal plasma, and the ori-
gin of the fast and slow solar wind.

This motivates us, in this Review, to focus on the possible turbu-
lence mechanisms thought to be responsible for the heating of the
solar corona and hence the driving of the fast and slow solar wind. We
do not focus extensively on the underlying theory as much as we dis-
cuss observational signatures revealed by PSP that may allow us to dis-
tinguish between the various turbulence models of coronal heating
and solar wind driving. Two sets of observations identify a central
conundrum for the turbulence models that has to be addressed. The
first is that in highly magnetic field-aligned solar wind flows near 1 au,

Alfvén surface

U=V,

fast flow

t

Magnetic Carpet Photosphere
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Wang et al.” and Telloni et al.” found that Alfvén waves were propa-
gating uni-directionally (normalized cross-helicity |o.| ~ 1) and that
the spectrum was a power law with spectral index —5/3, i.e., k‘_5 ’
where k| is the wave vector parallel to the mean magnetic field.
Second, Zhao et al.” reported Parker Solar Probe observations identify-
ing highly magnetic field-aligned coronal flows that exhibited uni-
directionally propagating Alfvén waves with a corresponding
Kolmogorov-like spectrum kﬁs/ *. Of course, uni-directionally propa-
gating Alfvén waves do not interact nonlinearly, requiring counterpro-
pagating Alfvén waves for a nonlinear cascade in wave number space
to occur, and hence there should not be a Kolmogorov-like spectrum
for uni-directionally propagating Alfvén waves nor should there be
any related dissipation of Alfvén waves and hence heating of the solar
wind or solar corona. Resolving this puzzle is essential if turbulence
models are argued to be responsible for the heating of the solar corona
and hence driving of the solar wind.

We discuss below two turbulence models advanced to explain the
heating of the solar corona and draw particular attention to the conun-
drum outlined above. We further take the view that the slow wind and
fast wind are both subject to the same underlying heating mechanism
but that the geometry of the large-scale magnetic fields (open coronal
holes and large-scale loops) mediates the nature of the wind in impor-
tant ways. Illustrated in Fig. 1 is a cartoon showing one perspective of
the expansion of (left) the fast solar wind from the base of a coronal
hole and (right) the slow solar wind from higher up in the corona. In
both cases, as we describe, the mechanism heating the open coronal
hole plasma and the loop plasma is the same but the processes by
which the plasma eventually forms the wind are different.

The W/T-model advanced originally by Matthaeus et al.'’
assumes that a broad spectrum of low-frequency MHD Alfvén waves
carries kinetic and magnetic energy from the photosphere into the
solar corona. The waves are generated by rapid displacements of open
magnetic flux tubes that are advected by motion in the photosphere.
An important concern is the difficulty that Alfvén waves have in prop-
agating from the chromosphere, across the transition region, into the

Slow Wind

~1.5-4R,

Magnetic Carpet
Photosphere

FIG. 1. Left: cartoon illustrating the possible origin of the fast solar wind from a coronal hole driven by turbulence associated with the magnetic carpet. Additional sources of tur-
bulence in the corona, below and above the Alfvén surface, may be due to Kelvin-Helmholtz instabilities on the edges of coronal regions that separate fast coronal flows from
adjacent slow flows associated with closed magnetic field regions as illustrated. The sonic and Alfvén surfaces are identified, i.e., surfaces at which the coronal flow transitions
from subsonic to supersonic and sub-Alfvénic to super-Alfvénic, respectively. Right: a possible model describing the origin of the slow solar wind. Large-scale loop plasma is
heated via turbulence associated with the magnetic carpet, and interchange reconnection at higher altitudes, possibly 2-5R ., above the photosphere, leads to the release of
hot loop plasma. The hot plasma expands into higher open magnetic field coronal regions to reach supersonic and super-Alfvénic speeds thereafter.
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corona. Since < 1% of the incident Alfvénic flux [perhaps as little as
4 x1072% (Refs. 11-14)—see below] is thought to be transmitted
across the transition region, this requires extremely high Alfvén wave
fluxes emanating from the photosphere. Once through the transition
region, the upwardly propagating Alfvén waves in W/T models experi-
ence partial non-Wentzel-Kramers-Brillouin (WKB) reflection off the
large-scale density and magnetic field gradients of the solar corona
and the counterpropagating Alfvénic modes interact nonlinearly to
generate quasi-2D fluctuations that cascade to smaller scales and even-
tually dissipate, thus heating the coronal plasma.

An alternative turbulence model, described as quasi-2D turbu-
lence models, identifies the “magnetic carpet,”"” a region of both open
and closed magnetic fields that is distributed uniformly across the solar
surface, as the source of predominantly quasi-2D MHD turbulence
that acts to heat the solar corona. The mixed polarity small-scale loops
that form the magnetic carpet rise from below the photosphere and
interact on a replenishment timescale of about 40h."” Interspersed
with the small-scale loops in the magnetic carpet are large-scale mag-
netic field lines, which could either be open as in coronal holes or
closed as with large coronal loops. The constant stirring and mixing of
the magnetic carpet loops generate small-scale quasi-2D turbulence
above the photosphere'” through the interaction of emerging and
evolving carpet magnetic field. Zank et al.'” argued that quasi-2D tur-
bulence'®'” generated by the magnetic carpet is advected through the
chromosphere, across the transition region without reflection, and
into the solar corona. Quasi-2D advected turbulence obviously does
not suffer the losses that a corresponding flux of Alfvén waves would
experience across the transition region. The dissipation of the quasi-
2D turbulence is shown to be sufficient to heat the underlying plasma
to temperatures in excess of 10° K. They argue that the basic mecha-
nism for coronal heating via the dissipation of quasi-2D advected tur-
bulence applies to both the fast wind and slow solar wind. The fast
wind is heated by the dissipation of quasi-2D turbulence originating
from the magnetic carpet and is advected by the heated expanding
coronal flow.

Remote observations offer some general if inconclusive
insights into the two classes of turbulence models for the solar
corona. The transverse displacement of spicules in the chromo-
sphere with amplitudes of 10-25km/s and periods 100-500 s was
observed by De Pontieu et al.,”” for which they estimated an energy
flux of ~100 W m ™2 These fluctuations were interpreted as Alfvén
waves with energy flux “sufficient to drive the solar wind,”* but
this interpretation was disputed by Ref. 21 who favored an inter-
pretation as kink modes. The debate has not been settled by either
further observations’” >” or further theory, modeling, and
analysis.”*”” Indeed, estimates for the energy content and flux of
the waves are highly uncertain observationally.”” > Finally, note
that waves with periods greater than ~30-100 s are thought not to
propagate energy efficiently from the coronal base.'*'**°

Zank et al."” estimated the observed magnitude of quasi-2D turbu-
lent magnetic field fluctuations in an effort to determine whether there is
sufficient energy to power coronal heating in polar coronal holes. In the
center of a polar coronal hole, the unperturbed magnetic field is very
nearly radial, and at 1.03R;, (ie., 0.03R;, above the surface), its strength
is about 10 G. The upward energy flux required at 1.03R, to sustain
coronal heating above this height along the radial field in the center of a

polar coronal hole is about 3 x 10° erg cm > s~ Averaged over

REVIEW scitation.org/journal/php

several hours, the outflow speed of the corona at 1.03Ry, in a polar coro-
nal hole is no more than 10kms~". On assuming a 10km s~ ' outflow at
1.03R., if an energy flux of 3 x 10° ergcm™>s~ ' in magnetic field fluc-
tuations (B ) orthogonal to the average radial field is to be carried into
the corona above, then a B of about 1.9 G is required. This implies that
the total field vector at 1.03R;, undergoes angular deviations of about
11° around the radial direction. De Pontieu et al.”’ and Moore et al.”
reported oscillatory swaying motions of the open field with amplitudes
of order 15° and periods of about 5min at 1.03R; in polar coronal
holes. These observations correspond to a B, of 2.7 G, suggesting that
there is sufficient magnetic energy flux corresponding to perpendicular
magnetic field components to heat the solar corona and possibly drive
the solar wind.

An interesting alternative for the origin of 2D turbulence that
might be advected through the transition region derives from the
reflection of Alfvén waves at the transition layer. Recall'' ' that if the
density changes discontinuously from the chromosphere to the corona
by a factor of 4 ~ 108 within 1-2 X 10 km, the transmitted Alfvén
flux'""* ~4F 4\ /Tq ~4F 4 x 107* for an incident flux % 4. For
F 4 ~ 10% ergs cm *s ' (which may be a somewhat high value for
Alfvénic fluctuations >10° km—see Mullan'®), this implies a trans-
mitted flux <4 x 10* ergs cm ™ s, which is less than 5 x 10° ergs
cm ™ * s~ required to heat the corona to the necessary temperature to
drive a supersonic solar wind.'””” However, the Alfvén flux reflected
at the transition region is now counterpropagating with respect to the
upward flux, thereby initiating a nonlinear cascade that generates 2D
zero frequency nonpropagating modes below the transition region.
For an incident flux % 4 as high as 10°® ergs cm™> s, approximately
9.996 x 107 ergs cm™ > s~ " will be reflected and propagate counter to
the incident Alfvén flux. The nonlinear interaction between the coun-
ter propagating Alfvénic fluxes will generate zero-frequency nonpro-
pagating quasi-2D fluctuations. Taking conservatively a generation
rate for 2D turbulence of just 1% of the counterpropagating slab tur-
bulence, this process could well yield a flux of 2D magnetic turbulence
that exceeds 10° ergs cm > s~ ' being advected across the transition
region into the corona.” This may be an alternative source of quasi-
2D turbulence at the base of the corona.

As discussed in detail in Sec. I, a model invoking a dominant
quasi-2D turbulent component'”*’ accelerates the solar wind to super-
sonic speeds within 2-4 R, consistent with observations,’""* and to
super-Alfvénic speeds within ~10-11 Rg. Further factors that need to
be incorporated into this model are super-radial expansion and the
possibility that the supersonic and super-Alfvénic flows in the coronal
hole initiate possible Kelvin—-Helmholtz instabilities along the bound-
aries of a coronal hole that separates faster and slower coronal flows.
The already accelerated solar wind may be further accelerated by the
dissipation of Kelvin-Helmholtz turbulence generated on the bound-
aries of the coronal hole.

The solar wind originating from coronal holes is likely to be
highly aligned with the large-scale open radial magnetic field, making
it observationally difficult to identify quasi-2D turbulence. Instead, the
turbulence is likely to present itself as essentially slab turbulence i.e.,
turbulence composed of counterpropagating Alfvén waves. According
to the basic W/T model'’ and extensions thereof,”> ™ the normalized
cross helicity ¢, (the difference between the forward and backward
Elsdsser energies normalized to the total Elsdsser energy) should be
small to ensure that nonlinear interactions generate quasi-2D
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fluctuations™ that then undergo a rapid 2D (k , relative to the mean
magnetic field) turbulent cascade that dissipates energy and heats the
plasma. However, if the normalized cross helicity |o | ~ 1, ie., uni-
directionally propagating Alfvén waves, then no turbulent interactions
are possible within the W/T framework. However, the nearly incom-
pressible (NI) MHD model in the small and O(1) plasma beta regime
admits uni-directional Alfvén wave propagation, and the Alfvén waves
interact passively with the advected quasi-2D fluctuations to produce a
k‘_s/ ® wave number spectrum.'’ This is a key observational discrimina-
tor between the W/T and the quasi-2D turbulence models of solar coro-
nal turbulence when the flow is highly aligned with the magnetic field.

A possible origin of the slow solar wind is illustrated in the right
panel of Fig. 1. In this model, the quasi-2D turbulence generated by
the magnetic carpet in the footpoints of a large magnetic loop heats
the loop plasma in much the same way as the heating of coronal hole
plasma occurs. However, the heating generates counterpropagating
flows that cannot escape the loop, and the loop plasma is therefore
heated to high temperatures. As illustrated, the loop plasma can escape
into the high corona via interchange reconnection, at heights of per-
haps ~2-4 R, The hot escaping plasma forms the slow solar wind as
it finds its way out of the upper corona through higher open field
regions. This is basically the mechanism suggested by Fisk et al.””*
for the origin of the slow solar wind, although here incorporating the
dissipation of quasi-2D turbulence as the loop heating mechanism.
Such a model of the slow solar wind predicts a majority quasi-2D
component and a minority slab component that should be relatively
easily observed since the flows are unlikely to be highly aligned with
the mean magnetic field' By contrast, it is possible for the W/T
model to heat the loop plasma since counterpropagating Alfvén waves
will be generated at either end of a coronal loop. Indeed, Nigro
et al.,”>* both theoretically and via reduced MHD simulations, found
that fluctuations with a large perpendicular wave vector component
can be generated in a loop by nonlinear interactions of counterpropa-
gating Alfvénic fluctuations resulting in low cross-helicity values.
Under these circumstances, with the opening of the loop via inter-
change reconnection, the hot loop plasma will expand as described
already, but the dominant magnetic turbulence component will be
slab, with a cross helicity o, ~ 0, and not the quasi-2D component. As
with the fast solar wind, two clearly distinct and testable predictions
emerge from the NI MHD quasi-2D model and the W/T model: the
former predicts a majority quasi-2D component and a minority slab
component and the latter a majority slab component (with o, rela-
tively close to although not necessarily 0) and a minority quasi-2D
component. We note that if the slow wind happened to be highly
field-aligned, the observed turbulence would appear to be slab or
highly Alfvénic and could even have high values (| | ~ 1) of the nor-
malized cross helicity (uni-directional Alfvén wave propagation) and
have a parallel wave number spectrum of the Kolmogorov form. In
support of this perspective, we recall the very interesting results pre-
sented by D’Amicis et al.”"** reporting observations of Alfvénic slow
wind streams that possess a high cross-helicity value and a
Kolmogorov-like spectrum. In Fig. 5 (bottom panel),”’ they show a
correlation between 0z and Vi, that is almost identical to that in the
fast wind (Fig. 5, top panel). Essentially, D’Amicis et al.’' found that
the observed slow wind is field-aligned, possesses high cross helicity,
and yet has a Kolmogorov-like spectrum. Their result corresponds to
the results presented by Telloni et al.** and Zhao et al.” for fast field-

scitation.org/journal/php

aligned flows. Matteini et al.”>* reported related results for fast wind.

The important point is that both the slow wind and fast wind were
field-aligned during the time these three sets of observations were
made, and for this reason, only Alfvénic observations can be observed
(the 2D component not being easily visible to a single spacecraft in
this geometry). The observation of Kolmogorov-like spectra in such
flows with a high cross helicity can be explained by NI MHD in the
f < 1 or O(1) limits thanks to a passive scalar-like interaction of uni-
directionally propagating Alfvén waves with advected quasi-2D turbu-
lensc/eé that results in a kﬂs/ 3 spectrum,w ie, NI MHD generates a
k‘E spectrum dynamically from uni-directionally propagating
Alfvén waves. This stands in contrast to the W/T model which cannot
do so. Such observations would therefore favor the NI MHD quasi-2D
model rather than the W/T model.

Adhikari et al”” published an interesting paper entitled “Does
turbulence turn off at the Alfvén critical surface?” that is germane to
the discussion here. They examined two turbulence models in the
vicinity of the Alfvén surface, the one underlying the W/T model and
the other the NI MHD model in the plasma beta § < 1 or O(1) limits.
In essence, the W/T model predicts that at the Alfvén surface®”’

1. only outwardly propagating modes exist;

2. the velocity and magnetic field fluctuations are perfectly corre-
lated, with equal velocity and magnetic field fluctuation correla-
tion lengths; and

3. the nonlinear and dissipation terms are zero. Since these terms
describe the transfer of large-scale energy to small scales, no
transfer of energy occurs, suggesting that turbulence “turns off”
at the Alfvén surface for the W/T model.

Within the W/T model, the Alfvén surface therefore acts to pro-
duce a “fossil”-like turbulence state shortly after the solar wind flow
crosses the surface, “filtering” out all the backward propagating Alfvén
modes, leaving only outwardly propagating modes. An important
question is what the spectrum of the transmitted/filtered outwardly
propagating Alfvén modes might be. If fossil turbulence, then if one
follows the argument of Dobrowolny et al®*® (see also Zank
et al'”"%) it is possible that the spectrum transmitted across the Alfvén
surface would be Kolmogorov-like for the outwardly propagating
modes just below the Alfvén surface, provided the wave-wave cou-
plings are governed by the nonlinear timescale and not the Alfvén
timescale (see Appendix B of Zank et al.”’). It is unclear how long
such a superposition of linear Alfvén modes will retain a Kolmogorov-
like spectrum as they propagate further into the super-Alfvénic solar
wind in the absence of dynamical nonlinear couplings. Quasi-linear
theory would suggest that resonant scattering of ions by Alfvén waves
would result in a k=2 spectrum.”' The continued expansion of the
solar wind will lead eventually to the generation of (now advected)
backward propagating Alfvénic modes that can “restart” nonlinear
interactions and hence turbulence.

By contrast, the NI MHD f < 1 or O(1) turbulence model pre-
dicts that at the Alfvén surface

1. the majority quasi-2D component is not subject to a critical
point, although the Alfvén surface does represent a critical point
for the minority slab turbulence component;

2. higher-order slab turbulence, like the W/T model, reduces to
only outwardly propagating modes, with the slab turbulence
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velocity and magnetic field fluctuations perfectly aligned and
having equal velocity and magnetic fluctuations correlation
lengths;

3. despite only outwardly propagating higher-order slab turbulence
modes existing, the nonlinear dissipation term is nonzero
because the dissipation of slab turbulence in the NI MHD
description is due primarily to mixing with the dominant quasi-
2D turbulence component;

4. both outward and inward nonpropagating modes of the domi-
nant quasi-2D component are transmitted, and the correspond-
ing velocity and magnetic field fluctuations are not perfectly
correlated; and

5. the total nonlinear/dissipation terms are nonzero, ensuring that
energy is transferred through the inertial range to eventually be
dissipated, implying that turbulence in the plasma beta regime
p < 1 or O(1), as described by NI MHD, does not turn off at the
Alfvén critical surface.

Consequently, NI MHD turbulence in the f <1 or O(1)
regimes remains active and dominated by nonlinear interactions asso-
ciated with the dominant quasi-2D component at and beyond the
Alfvén surface. Furthermore, because of the interaction between quasi-
2D structures and uni-directionally propagating Alfvénic modes, the
minority slab turbulence also remains active at and beyond the Alfvén
surface.

It is useful to list a set of the basic predictions from the NI quasi-
2D models and those from the W/T models that can be tested by
observations made by the Parker Solar Probe during its first set of
encounters. Since PSP at the time of writing has not yet crossed below
the Alfvén surface and is therefore making observations in the super-
Alfvénic solar wind, the predictions below apply only to this region.
Observationally, we stress that measuring spectral anisotropy and
anisotropic structures is difficult when solar wind and coronal flows
are highly aligned with the magnetic field, thereby preventing the
observation of quasi-2D structures.”'” The NI quasi-2D models pre-
dict'®" for super-Alfvénic flows

1. that the energy-containing range in both the slow wind and fast
wind is a superposition of a majority quasi-2D component and a
minority slab component, likely in the ratio of 80:20;

2. that the inertial range is similarly anisotropic in both the slow
wind and fast wind with a corresponding majority quasi-2D
component and a minority slab component.

3. An arbitrary (normalized) cross-helicity for both the
majority and minority component in both the slow wind
and fast wind. For highly field-aligned flows, whether in
the fast wind or even in slow wind, it is possible that uni-
directional (i.e., with high normalized cross-helicity values
|oc| ~ 1) Alfvén wave/slab propagation exhibiting a kr/ }
spectrum can occur.

4. Arbitrary values of the (normalized) residual energy a,, including
evolving toward —1, i.e., magnetic energy dominated, or +1, i.e.,
vortex-dominated, in the majority 2D component;

5. that the density fluctuations are primarily advected entropy fluc-
tuations that behave as a passive scalar (a slow and fast mode
wave contribution enters only at the higher order), have an
amplitude that is ordered roughly by the turbulent Mach number
M = ou/C;, where ou is a characteristic velocity of the turbulent

REVIEW scitation.org/journal/php

fluctuations and C; is the characteristic sound speed, and that
the density variance spectrum is k=53,

By contrast, the W/T models predict'***

1. that the turbulence in the energy-containing range is primarily
slab with a minority 2D component generated by the interaction
of counterpropagating Alfvén waves for both the fast wind and
slow wind;

2. that the inertial range is either isotropic or possibly possesses a
Goldreich-Sridhar scaling;72

3. that the cross helicity for both fast wind and slow wind is small
since counterpropagating Alfvén waves are essential to ensure
the turbulent cascade of energy to small scales, and uni-
directional Alfvén/slab propagation with a kf/ } spectrum is not
in general possible unless observations are made close to and just
above the Alfvén surface. If the cross helicity is large, then turbu-
lence is no longer operative within the context of the W/T model
and can be regarded as fossil turbulence with the spectrum corre-
sponding to a superposition of linear modes, possibly described
by quasi-linear theory;

4. that the residual energy for both the fast wind and slow solar
wind should be close to zero since the turbulence is primarily
slab, and

5. nothing about density fluctuations, at least not in the standard
W/T models, although Lithwick and Goldreich” suggest that
slow mode waves may be responsible for density fluctuations.

Before concluding this section, we recall that the dissipation of a
spectrum of ion cyclotron waves created at the base of the solar corona
has been advanced as another possible mechanism for the heating of
the solar corona. The spectrum of ion cyclotron waves is regarded as a
static, linear, noninteracting superposition of waves. Ion cyclotron
heating is also sometimes described as a “cyclotron sweep mechanism”
and was addressed critically by Leamon et al.”* The dissipation rate of
the cyclotron sweep mechanism depends on the local proton (or
minor ion) cyclotron frequency, which decreases with increasing
heliocentric distance. Outward propagating fluctuations are trans-
ported into regions for which damping occurs at progressively lower
frequencies. As a consequence, the linear dissipation of the fluctua-
tions results in the absorption of energy at the local gyrofrequency.
Linear dissipation of the wave spectrum therefore corresponds to a
“sweep” through spectral space toward lower frequencies, thereby
depleting the spectrum. Such a depletion of the wave spectrum will
occur at even lower frequencies if minor or heavy ions are included in
the dissipative process, with the consequence that the wave spectrum
will already be partially depleted before the protons even experience
heating,” A further and critical problem with the ion cyclotron heat-
ing mechanism’ is that a large wave energy flux at high frequencies,
up to perhaps the kilohertz range, is required to account for rapid
cyclotron damping in the lower corona.'” It is unclear whether there is
a large enhancement of kHz power at the coronal base as this has not
been observed. Furthermore, there is the obvious question of how
such high-frequency waves in the lower solar corona could be gener-
ated.”® Another significant problem facing the ion cyclotron dissipa-
tion mechanism is that the cascade in the parallel wavenumber
direction is very slow. Hence, the spectrum dissipated by ion cyclotron
resonance is unlikely to be replenished quickly enough to ensure rapid
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heating of the coronal plasma within 1-4 R . Finally, high-frequency
modes experience only weak nonlinear couplings and weak WKB
reflections.'’ High-frequency, parallel-propagating Alfvén waves are
therefore transported rapidly through the corona, experiencing only
direct kinetic damping.””” For coronal conditions, the estimated per-
pendicular cascade rate” should lead to a much faster dissipation of
energy at the small scales than linear proton cyclotron dissipation. In
short, the ion cyclotron sweep mechanism does not appear to be a via-
ble mechanism for heating the solar corona.

It is important to distinguish the possibility that a cyclotron-
resonant dissipation mechanism likely participates in the spectral cas-
cade together, with other possible kinetic noncyclotron-resonant
mechanisms, from the ion cyclotron-sweep mechanism. For example,
Bruno and Trenchi’® showed that the ion spectral break moves to
higher and higher frequencies as the Sun is approached. They showed
quite clearly that, of the possible correspondences of the ion gyrofre-
quency and the frequencies corresponding to the ion-inertial length
and Larmor radius, the ion-cyclotron resonance frequency is the one
that better matches the location of the break point. This suggests that a
cyclotron-resonant dissipation mechanism might be one of the pro-
cesses involved in the spectral cascade. Related ion-cyclotron dissipa-
tion mechanisms that may lead to temperature anisotropy have been
observed statistically at 1au by Telloni et al.”” Another set of kinetic
fluctuations that may be important for dissipation is kinetic Alfvén
waves (KAWs), which are ion scale dispersive waves with primarily
perpendicular wave vectors®’ and are formed naturally by a turbulent
cascade.”’ KAWSs have been considered in the context of, e.g., solar
wind heating™ and solar electron heating in the corona.”

In the remainder of the paper, we first discuss Parker Solar Probe
observations from a spectral perspective related to the turbulence
models described above. Thereafter, we consider energy-containing
theories of the transport of MHD turbulence and their incorporation
into models of the solar wind, again focusing on Parker Solar Probe
observations. We conclude by revisiting the predictions of the NI
quasi-2D and W/T models listed above.

1l. OBSERVATIONS OF TURBULENCE AND SMALL-
SCALE STRUCTURES BY THE PARKER SOLAR PROBE

To interpret 1D time series data measured by spacecraft, Taylor’s
hypothesis is often used,” implying that the observed time variations
correspond to spatial variations in the direction of solar wind flow.*”
Consequently, the turbulence properties measured by spacecraft
depend on the direction of the solar wind flow with respect to the
background magnetic field. In the framework of the 2D + slab turbu-
lence model, 2D fluctuations can only be measured when the flow is
perpendicular to the background magnetic field, while the slab fluctua-
tions are measured when the flow is parallel to the background mag-
netic field. Small-scale magnetic flux ropes are a representation of the
quasi-2D component of turbulent fluctuations. This is supported by
the observation that the axial field of flux ropes tends to align with the
nominal spiral interplanetary magnetic field.”” The identification and
characterization of small-scale magnetic flux ropes are helpful for
understanding quasi-2D turbulent dynamics.'”'” Taylor’s hypothesis
also implies a potential observational bias as the solar wind flow is
more likely to be aligned with the background magnetic field closer to
the Sun,”* indicating that the quasi-2D small magnetic flux rope
with wave vectors perpendicular to the mean field cannot be observed.

scitation.org/journal/php

However, field-aligned flows are very useful for studying fluctuations
with parallel wave vectors. As discussed above, observations of turbu-
lence in field-aligned flows may be a key discriminator between the
two turbulence theories for coronal heating and solar wind driving.
PSP provides a unique opportunity to study these parallel fluctuations.

A. Small-scale magnetic flux ropes

The identification of magnetic flux ropes is usually based on the
observed rotation of the magnetic field.””” We have developed an
automatic detection method based on the normalized reduced mag-
netic helicity,”" which usually has a high value in regions of magnetic
flux ropes.”””” To remove possible contamination from Alfvénic
structures, we also evaluate the normalized cross helicity and normal-
ized residual energy for the structures with high magnetic helicity. In
most cases, the cross helicity of a magnetic flux rope is low, and the
residual energy is negative (indicating the dominance of magnetic fluc-
tuation energy), while Alfvénic structures usually have high cross hel-
icity and a small residual energy value.

We applied the detection method to the first four orbits of Parker
Solar Probe. A wavelet technique is used to construct the spectrogram
of the normalized reduced magnetic helicity, normalized cross helicity,
and normalized residual energy. As an example, Fig. 2 shows an over-
view of the PSP’s fourth orbit during the period from 2020 January 19
to 2020 February 4 (adapted with permission”). The first four panels
show the magnetic field magnitude and its components Bg, By, and
By, proton flow speed components (Vy, Vi, and Vy), proton number
density N,, proton temperature T,, Alfvén speed Vj, the angle
between the flow direction and the magnetic field direction 0yp, and
proton plasma beta f8,. The wavelet spectrograms of normalized mag-
netic helicity ¢,,, normalized cross helicity ¢, and normalized residual
energy o, are shown in the following three panels. The bottom panel
shows the radial distance of the PSP from the Sun. The fourth perihe-
lion occurred on 2020 January 29 at around 0.13 au. The two vertical
dashed lines in each panel identify two heliospheric current sheet
(HCS) crossings, accompanied by an increase in proton plasma beta
and a reversal of the sign of the normalized cross helicity o.. Between
the two HCS crossings, the cross helicity o, is predominantly positive,
and the residual energy is nearly zero in general, indicating the domi-
nance of outwardly propagating Alfvén waves during this period.
However, from January 28 to February 1, near perihelion, PSP appears
to measure slow solar wind with the lowest speed around 200 km/s.
The decrease in proton velocity is accompanied by an increase in the
proton number density and a decrease in the proton temperature dur-
ing this period. Thereafter, the cross helicity begins to decline, and the
residual energy also becomes negative, indicating that the imbalance
between the outward and inward propagating waves is lessened, and
the magnetic fluctuation energy begins to increase and exceeds the
kinetic fluctuation energy. The second HCS crossing is embedded in a
region of elevated proton plasma beta, identified as the heliospheric
plasma sheet (HPS) that is considered as the extension of the streamer
belt at a large heliocentric distance.

The results of our analysis of small-scale magnetic flux ropes dur-
ing the PSP’s fourth orbit are summarized in Fig. 3 (adapted with per-
mission).”” Our automatic detection criteria for small magnetic flux
ropes requires that the (i) normalized reduced magnetic helicity satisfy
|6/m| > 0.7, (ii) normalized cross helicity satisfy |o.| < 0.3, and (iii)
normalized residual energy satisfy g, < —0.5. The high magnetic
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FIG. 2. The PSP in situ observations from its fourth orbit traversal from 2020 January 19 to 2020 February 4. The panels from top to bottom show, respectively, the magnetic
field magnitude (|B|) and three components (B, Br, and By), solar wind velocity components (Vg, V7, and Vy), proton number density (N,) and proton temperature (Ty), the
Alfvén speed Vy, the angle 0y that shows the alignment between the flow velocity and magnetic field, proton plasma beta (f3,), the spectrograms of the normalized reduced
magnetic helicity (o), normalized cross helicity (o;), and normalized residual energy (a;). The bottom panel shows the radial distance of PSP from the Sun. The vertical

dashed line in each panel identifies heliospheric current sheet (HCS) crossings. Reproduced with permission from Zhao et al., Astron. Astrophys. 650, A12 (2021)

2021 EDP Sciences.

helicity identifies a rotating magnetic field in the flux rope region,
while a low cross helicity and a nonzero residual energy excludes
Alfvénic structures. It should be noted that some small magnetic flux
ropes may also have Alfvénic fluctuations, whether its origin is the Sun
or local magnetic reconnection in the solar wind or local nonlinear
dynamics. However, we do not currently have a clear criterion to
determine if Alfvén waves are generated within the magnetic flux
ropes.”” Therefore, we exclude all possible Alfvén waves in our search
routine. Figure 3 shows the normalized cross helicity o, vs the

9

© Copyright

normalized residual energy g, for the identified structures with high
magnetic helicity 7,,. At a distance close to the Sun (within 0.35 au),
the structures with high magnetic helicity appear to be highly Alfvénic,
which is reflected by a large number of scatter points with high cross
helicity || > 0.5. Many scatter points are close to the dashed circle
6% + 62 = 1, which is characteristic of pure Alfvén waves. The scatter
points inside the magenta rectangular box represent the most likely
magnetic flux rope structures, which satisfies our search criteria, i.e.,
|6;m| > 0.7 and || < 0.3 and g, < —0.5.
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FIG. 3. Normalized cross helicity o, vs normalized residual energy o, for structures with a high magnetic helicity (|jor,| > 0.7) identified in the fourth orbit. Left panel: scatter
circles are colored according to the date. Right panel: points are colored according to the radial distance to the Sun. The dashed-dotted circle represents 62 + o2 = 1. The
magenta rectangular box represents the region that likely contains flux rope structures with |a¢| < 0.3 and o, < —0.5. Reproduced with permission from Zhao et al., Astron.

Astrophys. 650, A12 (2021).”° Copyright 2021 EDP Sciences.

Figure 4 presents a statistical study of the small magnetic flux
rope occurrence rate during the PSP’s fourth orbit using the magnetic
helicity-based detection technique. The bar plots in the top panel show
the number of small magnetic flux ropes per calendar day. The counts
are color-coded for flux ropes with different durations. The following
panels show 10 min moving-averaged radial magnetic field, proton
density, and proton plasma beta plots. The location of the two HCS
crossings, the fourth perihelion, and the HPS are also shown in the

figure. Within the HPS region, the plasma beta shows a clear enhance-
ment compared to the surrounding solar wind.

As shown in the figure, most of the small magnetic flux ropes are
of short duration (less than ~40 min) and are observed frequently in
the vicinity of the HCS crossing. Between January 21 and January 27,
where the solar wind fluctuations are strongly imbalanced (¢, ~ 1 and
g, =~ 0), no magnetic flux ropes are detected. As illustrated in Fig. 2,
Oyp is ~180° between January 21 and January 27, and therefore the

12 4th orbit (2020/01/19-2020/02/04)
== 840 = 170-202

101 40-72 202-235
= 72-105 235-268

8 1 = 105-138 268-300
e 138-170

# of events
[e))

FIG. 4. Counts of magnetic flux ropes per
calendar day during the PSP’s fourth orbit.
The counting bars are color-coded by the
duration of flux ropes. The blue bar indi-
cates a duration of 8 to 40 min, the orange
bar 40 to 72min, the green bar 72 to
105 min, and the gray bar 235 to 268 min.

The radial magnetic field Bg, proton den-
sity N,, and proton plasma beta f3, are
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flow is highly magnetic field aligned, making the detection of quasi-
perpendicular fluctuations such as flux ropes impossible. The identi-
fied long-duration flux ropes (>1h) are mainly located at the second
HCS crossing when the PSP is embedded in the streamer belt region,
and the flow speed is rather slow (=~200km/s). Some of these long-
duration flux ropes may originate from narrow coronal mass ejections
(CMEs)/blobs that are observed in coronagraph white-light images,
but to be certain of the connection, more detailed analysis is needed.

B. Spectral features in field-aligned solar wind
turbulence

As discussed above, a critical discriminant between the turbu-
lence models proposed to explain coronal heating is the anisotropic
nature of solar wind turbulence. In the context of solar wind turbu-
lence, for example, Horbury et al”® and Podesta”™ used a wavelet tech-
nique to analyze the spectral anisotropy of magnetic fluctuations. They
find that the inertial range of the magnetic power spectrum follows a
Kolmogorov-like Nkf/ ’ power law when the wave vector k is perpen-
dicular to the background local magnetic field, and a k‘*2 power law
spectrum when the wave vector is parallel to the background local
magnetic field. The different power law indices in the parallel and per-
pendicular wave vector were interpreted as being consistent with the
critical balance theory proposed by Goldreich and Shridhar’* for
strong Alfvénic turbulence. Note that in these studies, the local scale-
dependent background magnetic field derived from the wavelet tech-
nique is used to calculate the parallel and perpendicular spectra. In
contrast, Tessein et al.'”’ found no difference in the spectral indices of
parallel and perpendicular fluctuations when using a global mean
magnetic field. Therefore, despite the theoretical inconsistency with
the definition of the mean magnetic field, it has been thought that the
critical balance theory can be validated only when the local back-
ground magnetic field is used instead of the global mean magnetic
field. However, later studies'’’ find that these observations, which
were thought to be consistent with critical balance theory when using
a local scale-dependent background magnetic field, might be influ-
enced by the presence of intermittency. Turbulence intermittency can
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effectively change the parallel spectrum exponent from an inherent
—5/3 value to —2. Furthermore, by applying the standard Fourier
transform method to each 6 min interval, Wang et al.” confirmed that
the critical balance prediction is valid for moderate-amplitude fluctua-
tions, but invalid for the low-amplitude magnetic fluctuations, which
have kITS/ > power law spectra. Recent work by Telloni et al.® extended
the interval length used by Wang et al. to more than 1h and con-
ducted a rigorous search of parallel fluctuation intervals to avoid the
effects of intermittency. In their work, the spectral indices of the uni-
directionally propagating Alfvén waves with moderate-amplitude par-
allel fluctuations were found to be close to —5/3 instead of —2. A
Kolmogorov-like kP spectrum for the strongly imbalanced turbu-
lence1 can be explained by the NI MHD turbulence theory of Zank
etal'>"

Following those previous studies at 1 au, we searched for intervals
observed by PSP with a highly field-aligned flow. Assuming Taylor’s
hypothesis and the Parker spiral magnetic field, PSP is more likely to
measure parallel spectra close to the Sun. We apply strict search crite-
ria to ensure that the selected intervals are mostly populated by the
undisturbed Alfvénic parallel fluctuations. We then apply two spectral
analysis methods, a standard Fourier analysis and a novel Hilbert spec-
tral analysis (HSA),'”* to compute the power spectra of the magnetic
fluctuations in these intervals.” The HSA is based on the
Hilbert-Huang transformation (HHT) and has the advantage of
allowing for the analysis of nonlinear and nonstationary data without
a priori bases.

As an example, in Fig. 5, we show the spectral features of two
identified field-aligned intervals observed by PSP in its first two orbits.
Both intervals correspond to slow wind, unlike the Telloni et al."” fast
wind examples. The first interval starts at 04:15:35 UT on 2018
November 3 and lasts for 23 min. During this period, the radial dis-
tance of the PSP is about 0.2 au, the observed average solar wind speed
(Vgw) is 251 km/s, the magnetic field magnitude (B,,) is 73 nT, the
angle between the local magnetic field and the flow direction (0y3) is
172°, and the magnetic compressibility is 0.04. Specifically, although
the averaged Oy = 172°, as shown in Fig. 1 by Zhao et al,” 0y dur-
ing this interval varies from 160° to 180° when using ~0.22 second
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FIG. 5. Left panel: Fourier spectra (solid lines) and Hilbert spectra (dots) of the magnetic field components for the field-aligned interval on 2018 November 3. The spectra have
been shifted for presentation purposes. Right panel: as in the left panel except for the field-aligned interval on 2019 April 4. Reproduced with permission from Zhao et al.,

Astrophys. J. 898, 113 (2020).” Copyright 2020 IOP Publishing.
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resolution magnetic field and plasma data. Hence, in this interval the
field and velocity are aligned with each other on both global and local
scales (from 0.22 s to 23 min scales). Another identified field-aligned
interval is from 05:18:35 to 06:01:22 UT on 2019 April 4, at about
0.17 au. During this interval, (Vy,) is 310km/s, (B,,) is 100 nT, and
(Oyp) is 171° (160° < Oyp < 180°).

The left and right panels of Fig. 5 show the standard Fourier
power spectra (curves) and Hilbert marginal spectra (dots) for the
three magnetic field components Bg, By, and By in the two parallel
fluctuations dominated intervals. The Fourier and Hilbert spectra of
each component are consistent with each other. A Kolmogorov
power-law spectrum with an index of —5/3 is displayed for reference.
The dashed vertical line identifies the proton gyrofrequency f,. The
power-law fitting is applied to the spectrum of each component within
the inertial range of 0.01Hz-0.5Hz. For the interval on 2018
November 3, the spectral exponent of the By component is given by
—1.55 £ 0.02, the By component —1.60 = 0.05, and the By compo-
nent —1.64 * 0.02. For the interval on 2019 April 4, the spectral expo-
nent of the Bz component is given by —1.5 = 0.03, the B component
—1.65 % 0.02, and the By component —1.4 % 0.03. The spectral indi-
ces of all three components are close to —5/3 rather than the —2 pre-
dicted by the “critical balance” theory for parallel fluctuations.

For completeness, we also evaluate the spectra of the normalized
cross helicity o, and normalized residual energy o,. The left panel of
Fig. 6 shows the Fourier power spectra of ¢ and o, for the interval on
2018 November 3. The right panel shows the velocity fluctuation trace
power spectrum (black curve) and the velocity magnitude fluctuation
spectrum (red curve). The blue vertical dashed line denotes the solar
probe cup (SPC) noise floor, at which the velocity spectrum flattens
and the effects of noise become important. Within the inertial range
down to the SPC noise floor, the velocity fluctuation spectrum follows
a f=3/% power law. The normalized cross helicity and residual energy
remain approximately constant with ¢, ~ 0.8 and ¢, ~ 0 in the iner-
tial range, which suggests that the identified field-aligned flow is highly
imbalanced and dominated by uni-directional Alfvénic fluctuations.
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Therefore, we conclude that the parallel magnetic fluctuation spectrum
has the form of a —5/3 power law spectrum in highly imbalanced
turbulence.

The observed krs/ ® magnetic power spectrum in highly imbal-
anced turbulence can be explained by the nearly incompressible (NT)
MHD theory developed by Zank et al.'’ Based on the NI theory, the
turbulent fluctuations can be decomposed as majority 2D and minor-
ity slab components, corresponding to perpendicular and parallel
wave vectors, respectively. In that theory, the 2D component possesses

the classical kf/ ? spectrum in the perpendicular wavenumber

G®(ky) = E®(k kL = G2k, (1)

where Cy is the Kolmogorov constant and ¢, is the dissipation rate of
2D incompressible MHD turbulence. We introduce an Alfvén time-
scale’” 731 = ‘:—Zﬂ (1— ajz)l/z(Mﬁm)z, where Vy is the mean Alfvén
speed, /4 is the Alfvén correlation length, and quo denotes the turbu-
lent Alfvén Mach number. See Zank et al."” for further discussion. The
spectrum of the minority NI component is governed by the ratio of
the nonlinear and Alfvén timescales,
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where s = (1 — 6:2)1/ ? and ¢, is the NI/slab dissipation rate. We con-
sider a possible relationship between parallel and perpendicular wave-

numbers k Lk’t‘*l = kﬁ, with k; a transitional wavenumber defined by
kit = (SV3,(M4Y)°)/ (Ci/ %¢+). Uni-directional wave propagation
implies s=0 and k;' =0. For strongly imbalanced turbulence
(a=1), we find"”
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FIG. 6. Left panel: Fourier power spectra of the normalized cross helicity o and normalized residual energy o, for the identified field-aligned interval. Right panel: the trace
power spectrum (black curve) of velocity fluctuations and the spectrum of the velocity magnitude fluctuations (red curve). The spectra are analyzed for the ~5Hz cadence
plasma velocity data in a ~23 min interval. The blue vertical dashed line identifies the frequency at which the velocity spectrum begins to flatten and where noise may become
important. Reproduced with permission from Zhao et al., Astrophys. J. 898, 113 (2020).” Copyright 2020 IOP Publishing.
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which corresponds to a power spectral index of —5/3 for parallel mag-
netic fluctuations, as observed in the PSP data for field aligned flows.

I1l. PSP OBSERVATIONS AND TURBULENCE
TRANSPORT MODELING

Properly understanding the heating of the solar corona and the
subsequent development of the supersonic solar wind requires under-
standing the transport, evolution, and distributed dissipation of turbu-
lence from the base of the corona to the distant heliosphere. Two
approaches to the transport of turbulence have been developed. The
first is based on an incompressible MHD phenomenology’*'*"'*
and the second on a NI MHD phenomenology.'®'”""'" The two tur-
bulence transport models are distinguished by (i) the first group of tur-
bulence transport models describing isotropic turbulence and being
appropriate to a high plasma beta f3, regime, whereas the second set of
models describes highly anisotropic turbulence that comprises a super-
position of a majority quasi-2D component and a minority NI/slab
component and is appropriate to 8, ~ 1 or < 1, (ii) the NI MHD tur-
bulence models admitting uni-directionally propagating Alfvén waves
that interact with the majority quasi-2D turbulence component in a
passive scalar sense, and (iii) the first admitting a singularity at the
Alfvén surface that can lead to a “turning off” of turbulence there,
unlike the NI MHD models.®” In this section, we compare theoretical
NI MHD turbulence transport model results with PSP (and Helios 2)
observations.

The inhomogeneous NI MHD formulation''' describes the
transport of the majority quasi-2D and a minority NI/slab turbulence
throughout the solar wind. Zank et al."* expressed the NI MHD sys-
tem in terms of majority quasi-2D and minority NI/slab Elsasser varia-
bles. They derived 12 coupled transport equations describing
moments of the majority quasi-2D and minority NI/slab primitive
equations. Through a suitable combination, this yields equations
describing the transport of energy in forward and backward propagat-
ing modes, the residual energy, and the corresponding correlation
functions. The Zank et al. model was applied to supersonic solar wind
turbulence, and a preliminary comparison between the theory and
Voyager 2 and Ulysses measurements'” showed that the NI MHD tur-
bulence model can describe the evolution of turbulence throughout
the heliosphere. More detailed analyses by Adhikari et al.''> and Zank
et al'” investigated solar wind heating and pickup ion transport
throughout the heliosphere, finding that the NI MHD two-component
turbulence model captures the behavior of the energy in forward and
backward propagating modes, total turbulent energy, the variance in
the magnetic field fluctuations and the fluctuations in the solar wind
speed, the variance in the density fluctuations, the normalized cross-
helicity and residual energy, the solar wind proton temperature, and
the various correlation lengths observed by Voyager 2 throughout the
heliosphere. Related studies have used NI MHD turbulence models to
investigate the transport of cosmic rays in the solar wind."'*'"” The
comparison of the NI MHD transport models to a variety of observa-
tions provides some confidence in the effectiveness of the NI MHD
model as a description of turbulence throughout the heliosphere.

The basic approach to the NI MHD turbulence model for heating
the solar corona was presented by Zank et al.'” In developing a quanti-
tative model to study the transport and evolution of turbulence in the
quiet solar corona from the coronal base to 15 R.,, Zank et al."” applied
the coupled quasi-2D and NI/slab turbulence transport equations to

scitation.org/journal/php

prescribed background profiles for the coronal flow speed and density.
It was assumed that the photospheric magnetic carpet pumps quasi-
2D structures continuously into the solar corona above the photo-
sphere. Estimates'” based on observations indicate that sufficient mag-
netic energy is introduced via the magnetic carpet to account for the
required dissipation to explain the heating of the coronal plasma. The
mechanism advanced by Zank et al. is related to the idea advanced by
Parker'>"'*""” that the random twisting and braiding of magnetic field
lines allow for the dissipation of magnetic energy via nanoflares above
the photosphere. The simplified approach presented by Zank et al.'”
demonstrated that the turbulent dissipation of quasi-2D turbulence is
sufficient to heat the solar corona to temperatures ~2 x 10° K within
2R, (see also the comments in Sec. | about an alternative method for
generating 2D turbulence in the chromosphere below the transition
region from a large flux of upwardly propagating Alfvénic fluctua-
tions). An important advance by Adhikari et al.*’ extended the Zank
et al. model by coupling the evolution, transport, and dissipation of
turbulence to the basic solar wind equations to model a fast solar wind
flow originating from an open coronal hole in which the flow is highly
aligned with the magnetic field. Adhikari et al. found that the heating
near the coronal base is due primarily to the dissipation of quasi-2D
turbulence rather than NI/slab turbulence, resulting in the heating of
the coronal plasma to temperatures of ~10° K within a few solar radii.
Hence, the dominant quasi-2D component appears to be mainly
responsible for the acceleration of the solar wind. Adhikari et al.'"”
applied a related model to investigate the transport, evolution, and dis-
sipation of turbulence in the slow solar wind along the trajectory of
the Parker Solar Probe, finding good correspondence between the the-
ory and observations. Adhikari et al.''” further extended their model
to include electrons as a separate fluid component. The additional
physics introduced by electrons, i.e., the incorporation of an ad hoc
separate turbulent heating of protons and electrons, Coulomb colli-
sions between protons and electrons, and a phenomenological electron
heat conduction, augmented by additional turbulence physics such as
the Alfvén effect and the turbulent dynamo effect,””'*"*" yields good
agreement between theoretical solutions and the fast solar wind flow
measured by PSP and Helios 2.

Before comparing the theoretical turbulence-mediated solar wind
solutions to the fast and slow solar wind flows measured by PSP and
Helios 2, we discuss briefly PSP solar wind electrons alphas and pro-
tons (SWEAP) observations during its first encounter in the outbound
direction. The plasma data correspond to the moment data derived
from PSP SWEAP measurements.” Figure 7 shows the solar wind
speed (top panel), solar wind proton density (second panel), solar
wind proton temperature (third panel), proton mass flux (fourth
panel), and thermal plasma beta (bottom panel) as a function of helio-
centric distance. In the figure, the light blue symbols correspond to
solar wind with a speed of less than 420 km/s, and dark blue symbols
to flows with speed greater than 420 km/s. Evidently, PSP observed a
fast (~600 km/s) and a slow (~400 km/s) solar wind stream during its
first encounter in the outbound direction. The other solar wind
parameters also reflect this classification.

A. Toward an NI MHD turbulence-driven model
of the solar wind

The NI MHD phenomenology'®’*'" '*'*>!** distinguishes
between a strong and weak guide magnetic field through the value of
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FIG. 7. PSP SWEAP measurements: solar wind speed (top panel), solar wind density (second panel), solar wind proton temperature (third panel), mass flux (fourth panel),
and the plasma beta (bottom panel) as a function of heliocentric distance. Light blue “.” symbols correspond to solar wind speeds less than 420 km/s, and dark blue “.” symbols
correspond to flow speeds greater than 420 km/s. The vertical line identifies the location of a coronal mass ejection observed by PSP at ~55.2 R.... Reproduced with permis-
sion from Adhikari et al., Astrophys. J. Suppl. Ser. 246, 38 (2020).'"® Copyright 2020 IOP Publishing.

the plasma beta ;. Specifically, the f§, > 1 regime corresponds to an
isotropic leading-order incompressible MHD model, whereas the
B, ~ 1 and < 1 regimes yield an MHD description that comprises a
majority quasi-2D and a minority NI/slab component. The solar wind
and certainly the solar corona are typically found in the f, ~ 1 or
< 1 regimes. In this case, the total Elsasser variables can be written as
the sum of the quasi-2D and NI/slab Elsasser variables, ie.,
2" =7°% +2"F (where, z°* > z**), provided certain symmetries
of the underlying turbulence hold."® Zank et al.'® provide a detailed
derivation of the NI MHD turbulence transport model equations. The
majorligy quasi-2D and minority NI/slab Elsdsser variables can be writ-
ten as

+ B> + B*
27 =u® =+ and z'~ =u'* , (4)
v HopP vV HoP

> «, »

where the superscripts “co” and “*” indicate quasi-2D turbulence and
NI/slab turbulence, respectively. The quasi-2D and NI/slab variances of
the Elsisser variables and the residual energy Ep, can be written as'*"’

oox*+2 00,% = 00,% = ¥ 00, % 00, % —
(22°FF7) = (22977 . 2200 BN = (20T 2 T), (5)

where (z72) and (z~2) are the energy in forward and backward prop-
agating modes, respectively. The correlation functions corresponding
to the forward/backward propagating modes and the residual energy
can be written as
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dy =270 (6)

L%o,* _ J(zm,*+ . zoo,*—/ + ZOO’*+, . zoo,*—>dy = E%C'*;\/%CY*, (7)
where y = |y| is the spatial lag between fluctuations, z°°* " are lagged
Elsdsser variables, and A= and Ap are the correlation lengths corre-
sponding to the forward/backward propagating modes and the resid-
ual energy.

1. Observational support for a majority 2D: Minority slab
decomposition

Here, we discuss briefly the existing observational support for a
decomposition of solar wind turbulence into dominant quasi-2D and
minority slab components in an NI MHD framework.

Slow wind density fluctuations (6p) are shown as a function of tur-
bulent sonic Mach number M, = ou/C; in the left panel of Fig. 8.
Here, C; = \/yP/p is the sound speed, y(=5/3) is the polytropic
index, P is the thermal pressure, and p is the solar wind mass density. A
least squares fit of the density fluctuations and the turbulent Mach num-
ber vyields the relationship &p ~ M>”, which is close to the
0p ~ O(M,) scaling predicted by Hunana et al''“'"”* and
Bhattacharjee et al.'* for nearly incompressible inhomogeneous flows.
Figure 8 shows histograms of 0p/p (middle panel) and M (right), illus-
trating that dp/p clusters around ~0.15, and M; around ~0.3 and
~0.6. The small values of the density fluctuations, the ~O(M;) scaling
of dp, and the small sonic turbulent Mach number support an interpre-
tation of the PSP-observed solar wind flow as nearly incompressible.

Early and important work by Bieber and colleagues'*>'*” sug-
gested that 2D turbulence dominated slab turbulence in the vicinity of
the Earth, typically in a ratio of approximately 80:20, consistent with
theoretical expectations.'®'*'"”!'” Motivated by this work, subsequent
studies have attempted to further identify the underlying anisotropy of
low-frequency MHD turbulence.” >”*”*'**""*"" A recent analysis by
Pine et al."’' computed the power in the perpendicular and parallel

components of the fluctuating magnetic energy using Advanced
Composition Explorer (ACE) and Voyager magnetometer data, find-
ing that the power in the perpendicular component exceeded that in
the parallel component. Adhikari et al.'* analyzed Solar Orbiter mag-

133

netometer ~~ and Solar Wind Analyzer-Proton and Alpha Sensor

30 T

scitation.org/journal/php

(SWA-PAS) plasma data'** obtained between July 7, 2020 and
August 31, 2020. During this time, Solar Orbiter was at a heliocentric
distance of 140-193 R and within a latitude of 5°. The slow solar
wind speed ranged from 300-420 km/s, and the fast solar wind speed
exceeded 420 km/s.

Adhikari et al'** derived the energy in forward and backward
propagating 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 fluctuations by
using the R, T, and N components of the solar wind speed and the
magnetic field, and the solar wind density. They evaluate the perpen-
dicular (or 2D) and slab variances of the Elsasser variables, the fluctu-
ating magnetic energy, and the fluctuating kinetic energy with respect
to the direction of the mean magnetic field following Belcher and

- 135 .
Davis, ~” i.e.,

2 (Bi)S;(B;)
”szlah = W: ”Zl = ‘752 - O-?lalw

; i,j=RT,N, (8)
where 6% and 62, denote the variances of various turbulence quanti-
ties perpendicular and parallel to the mean magnetic field (B), approx-
imately corresponding to 2D and slab turbulence, respectively. The
ensemble average (...) refers to averaging over a specified time inter-
val. Finally, 0'52 corresponds to the trace of S, where

Sij = (Aidj) — (Ai)(4)) ©)
is a 3 x 3 matrix, formed by the R, T, and N components of a
vector A.

Use of Egs. (8) and (9) allowed Adhikari et al."*” to obtain the
observed total energy, 2D energy, and slab energy corresponding to
forward [Figs. 9(Al) and 9(B1)] and backward propagating modes
[Figs. 9(A2) and 9(B2)], magnetic field fluctuations [Figs. 9(A3) and
9(B3)], and kinetic energy fluctuations [Figs. 9(A4) and 9(B4)] as a
function of angle between the mean solar wind speed and the mean
magnetic field (0yg). The top two rows of panels correspond to the
slow solar wind and the bottom two panels to the fast solar wind. In
the panels of the first and third rows, 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 energy in slab fluctuations, and the black scatter plots with
error bars show the perpendicular + slab energy corresponding to the
energy in forward propagating modes, the energy in backward
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FIG. 8. Left panel: density fluctuations dp as a function of turbulent Mach number M; for solar wind with a speed less than 420 km/s. The black line is a least squares fit, show-
ing that 6p ~ M%%". Middle panel: histogram of the density fluctuations normalized to the mean density. Right panel: histogram of the turbulent sonic Mach number.
Reproduced with permission from Adhikari et al., Astrophys. J. Suppl. Ser. 246, 38 (2020).""® Copyright 2020 IOP Publishing.
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FIG. 9. The first two rows show results for the slow solar wind, and the bottom two rows results for the fast wind. The top and third panel show the total (green), perpendicular
(red), slab (blue), and sum of the perpendicular and slab, i.e., perpendicular + slab (black) turbulence energy for forward propagating modes (A1) and (B1), backward propa-
gating modes (A2) and (B2), the fluctuating magnetic energy (A3) and (B3), and the fluctuating kinetic energy (A4) and (B4) for the slow and fast solar wind as a function of
angle between the mean solar wind speed and the mean magnetic field (0yg). The second and fourth panels show the ratio between the 2D and slab variances of energy in
forward propagating modes (a1) and (b1), backward propagating modes (a2) and (b2), the fluctuating magnetic energy (a3) and (b3), and the fluctuating kinetic energy (a4)
and (b4) as a function of A5 Reproduced with permission from Adhikari et al., Astron. Astrophys. (published online, 2021)."** Copyright 2021 EDP Sciences.

propagating modes, the fluctuating magnetic energy, and the fluctuat-
ing kinetic energy. In the plots, the black and green scatter plots over-
lap and are indistinguishable.

From Fig. 9, the perpendicular + slab (black scatter plots) energy
in forward/backward propagating modes is the same as the total
energy in forward/backward propagating modes (green scatter plots)
(the green and black scatter plots overlap), as does the fluctuating
magnetic energy and the fluctuating kinetic energy. The red points in
the first and third row of panels correspond to the (quasi-) 2D compo-
nent of the forward/backward Elsasser, magnetic, and kinetic energies
as a function of Oyp. In both the slow and fast solar wind, the red

points track the total energy (black or green points) very closely. By
contrast, the blue points that describes the corresponding slab contri-
butions are of smaller intensity and lie well below the green and black
points. This important result indicates that solar wind turbulence is a
superposition of 2D and slab turbulence and that the perpendicular
energy in forward and backward propagating modes, the fluctuating
magnetic energy, and the fluctuating kinetic energy exceeds the corre-
sponding slab energies, ie., (quasi-) 2D turbulence dominates. More
details can be found in Adhikari et al."*”

The second and fourth rows of panels in Fig. 9 show the ratio
between the perpendicular variances and the slab variances of the
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energy in forward propagating modes [Figs. 9(al) and 9(b1)], the
energy in backward propagating modes [Figs. 9(a2) and 9(b2)], the
fluctuating magnetic energy [Figs. 9(a3) and 9(b3)], and the fluctuat-
ing kinetic energy [Figs. 9(a4) and 9(b4)] as a function of 0yp for the
slow solar wind and the fast solar wind. In the slow solar wind, the
ratio between the 2D energy and slab energy clearly depends on 0yp
with the ratio being typically larger when the solar wind flow and
mean magnetic field are highly oblique and smaller with more aligned
magnetic field and solar wind flow. This is consistent with a space-
craft’s ability to observe 2D and slab fluctuations primarily in these
respective flow-magnetic field geometries.

In the fast solar wind, the results for the ratio of 2D:slab compo-
nents are similar to those in the slow solar wind, but are not symmetri-
cal about Oy = 90° as in the slow solar wind.

The observational results presented by Adhikari et al.'** are con-
sistent with the NI MHD theory'®'**"" prediction that solar wind
turbulence is a superposition of a majority 2D and a minority slab
component. Furthermore, Sec. II discussing the observation of quasi-
2D structures, i.e., magnetic flux ropes, by PSP further supports the NI
MHD approach.g5 96136 pregsure-balanced structures (PBSs) or
flux tubes,"”” " indicated by sharp changes in solar wind variables in
Fig. 7, are common in the solar wind. PBSs/flux tubes are equilibrium
solutions of NI MHD'"” but, unlike the static model of flux tubes dis-
cussed in Borovsky,”” PBSs/flux tubes are highly dynamical in the
presence of quasi-2D turbulence."*” The turbulence transport theory
presented below includes the dynamics of these structures through the
energy density moments of the NI MHD description, interacting
dynamically on a nonlinear timescale.

2. Turbulence transport modeling in a spherically
expanding solar wind

In the solar corona and inner heliosphere, we can assume that
the magnetic field B is radial

2
B — B, (r—°> 7,
r

where By is the magnetic field at a reference location r, and 7 denotes
the radial direction.

The 1D steady-state majority quasi-2D turbulence transport
model equations that describe the transport of quasi-2D turbulence,
under the assumption of spherical expansion, are given by'*

Az 1/, o <dU ZU)
v () (G
PO it Kkl
= Loto (10)
Ud§—+ (EY + EY) <dU ZU)

co+211/2 co—211/2
__aEBC<<z ) )

= ¥

+a<<zw+2><zm2>1/2 + <ZOC2><ZOC+2>1/Z)> (11)
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d 2 2 ar - r) 7

UdLi (dU 2U
2

dr drJr 2

where E® = ((z°%) 4 (2°72))/2 is the quasi-2D total turbulent
energy, U is the solar wind speed, and o is the von-Kdrman Taylor
constant. In Eq. (10), the right-hand term is the nonlinear dissipation
term for the energy in forward and backward propagating modes
derived from a Kolmogorov phenomenology. The nonlinear term is
responsible for the cascade of energy from large to small scales
through the inertial range, which eventually heats the solar wind
through dissipation. In Eq. (11), the dissipation term for the residual
energy is derived in two ways: the first term follows from a
Kolmogorov phenomenology,® and the second term results from
including the turbulent dynamo effect.””'**'*' We do not include the
Alfvén effect in the quasi-2D turbulence equations because the Alfvén
velocity is absent for quasi-2D turbulence. However, we do include it
when modeling the dissipation term for the NI/slab residual energy.
Simulations'*”'*" suggest that the turbulent dynamo effect and the
Alfvén effect may be important in controlling the evolution of the
residual energy. It is evident that the turbulent dynamo quasi-2D
increases the residual energy, whereas of course Kolmogorov dissipa-
tion decreases the residual energy.

The corresponding 1D spherlca]ly symmetric NI/slab turbulence
transport equations are given by'®

)(L°°+L+ +1,)= (13)
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where V), is the Alfvén velocity, and E(, is the NI/slab cross helicity.
The parameter b, which is associated with a closure assumption for the
off diagonal two-point correlations, " reflects the geometry of NI/slab
turbulence. The von-Kdrman Taylor constant « is associated with the
nonlinear heating rate. The nonlinear dissipation terms for the energy
in forward and backward propagating modes are based on a
Kolmogorov phenomenology.'*'””" The modeling of the nonlinear
dissipation term for the residual energy is not as straightforward as
those for the Elsasser energies because the residual energy is not a con-
served quantity. The residual energy is usually but not always negative
in the inertial range. To derive the nonlinear dissipation term for the
residual energy in slab turbulence, Adhikari et al.'"” following Zank
et al,'">"”"" included the Alfvén effect and the turbulent small-scale
dynamo effect,’””'*" and the NI/slab timescale in the NI MHD phe-
nomenology. In Eq. (15), the first term on the RHS is derived from a
Kolmogorov phenomenology, the second and fourth terms represent
the turbulent small-scale dynamo effect, and the third term represents
the Alfvén effect, which is slightly modified from Zank et al.,”’ multi-
plying by (1 — a:)l/ *M!,,? (see Zank et al."’ and Adhikari et al.')
where o7 is the NI/slab normalized cross-helicity, and M, is the tur-
bulent Alfvén Mach number. We use M’, = 0.1. Notice that for uni-
directional Alfvén waves, ie, o% = *1, the term (1 — ¢%)"/2M!,>2
vanishes, indicating that the dissipation term associated with the
Alfvén effect vanishes (further discussion can be found in the study by
Zank et al."”).

For the present, in part due a desire to begin with the simplest
possible models, the solar coronal heating models do not include
in situ turbulence driving terms (or at least they are formally set to
zero for now) beyond the region above the photosphere (the “low
corona”), and we assume instead a steady injection of turbulence at
the base. This of course corresponds to a model in which the tur-
bulence is effectively driven at the base. The turbulence is treated
as steady-state with energy injection at the base being balanced by
dissipation as the turbulence decays with increasing height without
replenishment. In principle, these models should connect
smoothly onto existing turbulence-transport solar wind mod-
els! 1O IOB RS2 IELIZ Q] of which include turbulence source
terms related or extending those developed in Zank et al. 8107 (je.,
stream-stream shear source terms and even pickup ion driving in
the distant heliosphere). However, it is entirely possible that addi-
tional sources of turbulence exist in the lower corona, possibly
associated with shear-driven instabilities as illustrated in Fig. 1, left
panel, in which we suggest that shear-driven turbulence generated
by, e.g., Kelvin—-Helmbholtz instabilities, may provide an additional
source of in situ coronal turbulence. Related ideas have been
explored recently by Ruffolo et al.'** who suggest the possibility of
a shear-driven transition to isotropic turbulence outside the Alfvén
critical radius. Other factors not addressed in these first models
presented here include super- or sub-radial expansion of the large-
scale solar magnetic fields associated with coronal holes or lateral
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regions adjacent to coronal holes, for example. The roles of coronal
instabilities and nonspherical expansion are active areas of
investigation.

The coupled quasi-2D and NI/slab turbulence transport equa-
tions (10)-(17) can be used to describe any inhomogeneous spherically
symmetric flow in the inner heliosphere. Large-scale fields, such as the
solar wind velocity, the magnetic field through the Alfvén velocity, and
even scalars like the solar wind density, and their gradients affect the
evolution of quasi-2D and NI/slab turbulence. Ideally, because the
large-scale flow is heated dissipatively by the evolving turbulence, one
needs to couple the large-scale background flow equations and the tur-
bulence equations. The 1D spherically symmetric steady-state continu-
ity and the momentum equations are

d
—(#pU) =0, (18)
du dp, dp,

Ve = o ar 19

where P, and P, are the thermal proton and electron pressure. The
electron density is assumed to be approximately equal to the proton
density, ie, n,~mn, Similarly, the magnetic force (J x B),
= —1/(uyr)Byd/dr(rBy) is neglected in (19) because the magnetic
force produced by the Parker spiral magnetic field is negligible com-
pared to the thermal proton and electron forces. Near the Sun, a gravi-
tational force GM p/r* (G the gravitational constant, M, the solar
mass) is present on the RHS of Eq. (19), which is negligible far from
the Sun. The thermal proton and electron pressure gradients drive the
solar wind.

The 1D steady-state transport equations for the proton and elec-
tron pressure in a spherical coordinate system r can be written as

, _dU U
UWerPPEqLZ“/?PP = (7= 1)(Vpe(Pe — Pp) +fpSt), (20)
dpP, du U
U=+ 7Pe - +27—Pe = (7 = 1)[vep(Pp — Pe)

7qu+(l 7.](;7)8!]7 (21)

where S, is a turbulent heating term, f, and (1 — f,) denote the fraction
of the turbulent energy that heats the solar wind protons and electrons,
respectively, 7(= 5/3) is the polytropic index, and v/, and v, are pro-
ton-electron and electron-proton Coulomb collisional rates." """
The Coulomb collision frequencies are balanced, so 1,1 ~ 1yvp. In
Eqgs. (20) and (21), the P, — P, term represents the Coulomb colli-
sional term, which vanishes when P,=P, An empirical form of the
collisional proton—electron frequency is given by'*°

32
o 8dx 10— V(L) (22)
pe 7 O 2.5cm3 ) \10°K '

In Eq. (21), q, is the electron heat flux. The collisional proton heat
flux'* is generally neglected because it is insignificant compared to
the turbulent heating term. An isotropic electron and proton tempera-
ture is employed because the pressure/temperature contribution is
dominated by the Maxwellian core, and the parallel and perpendicular
contributions to the pressure/temperature are less important."’
However, the electron heat flux cannot be neglected.'*” The parallel
electron heat flux (to the magnetic field)'*" is dominated by the
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electron Strahl since the Maxwellian electron core distribution does
not contribute. We follow Cranmer et al."*® and use an empirical for-
mula for the electron heat flux that is derived by fitting the electron
heat flux measured by Helios 2 from 0.3 to 1au, " specifically

In (‘i‘[—‘) = —0.7037 — 2.115x — 0.2545x2, (23)
0

where x = In (r/1au) and qo = 0.01 erg cm > s~ ", Since Eq. (23) is
an empirical result, this cannot describe the collisionless or collision
dominated solar wind. However, it is necessary to consider the colli-
sional characteristics of plasma when modeling the parallel electron
heat flux g. The Spitzer and Harm'"” collisional form of the parallel
heat conduction g = —x) V| T,(r) does not compare well to electron
heat flux observations and yields a large temperature at 1 au. The term
V - q, can be expressed as'*°

10/, )
V-q, = o (V g)| cos 4))7 (24)
where ¢ is the Parker spiral angle,

Qrsin0

U )
and Q =2.7 x 107 rad s~ ' is the solar rotation frequency. We
choose a colatitude 6 = 90° to compare the model results with PSP
and Helios 2 measurements.

We distribute the dissipated turbulence energy between electrons
and protons, as illustrated in Eqgs. (20) and (21), respectively. By desig-
nating f, = 0.6, 60% of the turbulence energy is dissipated as heat-
ing for the protons and 40% for the electrons. Breech et al.'”' used
ﬁ, = 0.6 from 0.3 to 100au, whereas Howes'*>'* and Engelbrecht
and Strauss'”* assume that £, depends on heliocentric distance. There
is however no generally accepted model that describes the variation of
fp with the heliocentric distance. Accordingly, we adopt the simplest
possibility. The turbulent heating term S, derives from a von-Kdrman

. . 51,113,119
phenomenology and is given by

tan ¢ =

Zoo+2>2<20672>1/2 <Zoo72>2<zoc+2>l/2

+
Lt L

o0

St = ampng [

N <Zoo+2>1/2 <20072>1/2 <Z*+2><Zoo+2><23072>1/2
+ED< e + )v(; +2 I

L EETE () )
Ly Lf
(@) () )
E

+ i + Ep pid +s
G Lo RO Ao L oot

7L N

v
+E§ﬁ (1- aj)‘/zMgoz} : (25)

where m,, is the proton mass, and 7 is the solar wind proton number
density.

Finally, an important component described by NI MHD is the
evolution of density fluctuations. These are neither slow mode nor
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other forms of propagating waves but rather entropic fluctuations that
correspond to O(M;) fluctuations, as described above. An evolution or
transport equation for the density variance associated with densi
fluctuations in the solar wind {p>°?) can be expressed as'®"'>!'*!"”

d(p>?)
dr

002\1/2/ 002
+2<p902>d_U+42<p902>:_a<u > <,D >

dr r Ieo

U , (26)

where (u™2) = ((2°%%) + (2°°72) + 2E¥) /4 is the quasi-2D fluctu-
ating  kinetic energy, [I° = [(E® +EX)AL + (E¥ — E¥)I,
+EYAY]/2(E¥ + EY) is the correlation length of the quasi-2D fluc-
tuating kinetic energy, and EY is the quasi-2D cross-helicity. Notice
that the evolution of the density variance (p>°%) depends only on the
leading-order 2D velocity fluctuations and correlation length and
behaves as a passive scalar.

B. Comparing PSP observations with solar wind
turbulence models

PSP gives us an excellent opportunity to investigate the bulk and
turbulence properties of the inner fast and slow solar wind and relate
the observations directly to the basic turbulence-driven solar wind the-
oretical model described in Sec. III A. The fast and slow solar wind
streams observed by PSP during its first encounter in the outbound
direction are clearly visible in Fig. 7. As illustrated in Fig. 1, we may
interpret the fast solar wind as originating from a coronal hole in the
open field region, whereas the slow solar wind originates from the
solar equatorial region in the vicinity of closed magnetic field regions.

The comparison below between the turbulence transport models
and observations derived from PSP can be summarized as follows. (i)
The slow wind comparison (Sec. ITI B 1) is based on a model that inte-
grates the turbulence transport equations from ~35.5 R, using PSP
observations made at perihelion as the inner boundary. Hence, this is
above the Alfvén surface and in the super-Alfvénic solar wind. (ii) The
fast solar wind comparison (Sec. III B 2) begins from 1 R, but the tur-
bulence transport model (and hence boundary conditions) that is cou-
pled to the large-scale flow model includes only the dominant quasi-
2D turbulence component and outwardly propagating minority
Alfvén wave fluctuations [one can show that a purely outward (or
inward) Alfvén wave energy equation can be derived from the slab
transport equations’ if z*~ = 0 and E}, = 0]. The purpose of this
subsection is to illustrate that the coupled turbulence-driven solar
wind model can generate a fast solar wind within ~3-4 R, and pro-
vide the required high coronal temperatures. (iii) The full turbulence
transport model of Sec. IIT A 2 that includes both the dominant quasi-
2D and minority slab components as well as electrons in the coupled
large-scale flow model is solved in Sec. III B3 from ~45 R, to 1au
with the inner boundary conditions drawn from the first PSP encoun-
ter. The subsequent model is therefore in super-Alfvénic flow exclu-
sively and is compared to PSP and Helios data drawn from the super-
Alfvenic solar wind.

1. Transport of turbulence in the slow solar wind

Adhikari et al.''® described the transport of low frequency turbu-
lence observed in the slow solar wind by Parker Solar Probe during
the first orbit, interpreting the observations using the NI MHD
turbulence transport model equations presented in Sec. IIIA.
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TABLE 1. Boundary values at 0.165au (35.55R ) as measured by PSP at its closest approach to the Sun during the first

118

encounter.

2D core model equations Slab model equations
(2012 9338.4km? s 2 (z*+?) 2334.6km? s 2
(z°72) 952.4km* s 2 (z*72) 238.1km*s 2
EY —112.48km’s~? E;, —28.12km*s ?
Lt 5.19 x10% km® s~ Lt 2.59 x10% km® s ~?
L 5.44 x107 km® s~ Lt 2.72 x10” km® s ~*
LY —1.34 x10% km® s> L —6.7 x107 km® s>
(p>?) 2.83 x 10> cm™®
T 1.75 x 10°K

The turbulence transport model assumed a constant radial solar wind
speed U and included a stream-shear source of turbulence. The turbu-
lence transport model equations and the temperature equation were
solved between 35.5 and 131.64 R, to be consistent with PSP measure-
ments. A fourth-order Runge-Kutta method was used to solve the
coupled system of turbulence transport equations with an assumed
solar wind velocity profile. The relevant boundary conditions are
shown in Table [, and these values are derived from PSP measure-
ments. We assume an 80:20 ratio between the quasi-2D and slab tur-
bulence'”'" to obtain suitable boundary conditions for the majority
quasi-2D and minority slab Elsasser energies and residual energy.
Similarly, we obtain the boundary conditions for the correlation func-
tion by assuming that the ratio between the quasi-2D and slab correla-
tion function is 2:1."”” The parameter values used in the coupled
turbulence transport model equations are shown in Table II.

Reasonable agreement between PSP measurements and theory
can be seen from Fig. 10. The various turbulent quantities were derived
from PSP measurements using a now well-established
approach. 107,112,113,122,123,156

Figure 10 compares the PSP SWEAP measurements and theoret-
ical solutions for the solar wind proton temperature, the fluctuating
density variance, the velocity correlation length, and the turbulent
kinetic energy. Two curves show the theoretical proton temperature,
with the black curve assuming that 40% of the turbulence energy is
dissipated in heating the protons and the blue curve corresponds to
assuming 30% of the turbulence energy is dissipated in proton heating.
The temperature change with the heliocentric distance scales approxi-
mately as =99 and %% for the two curves, which of course is slower
than adiabatic cooling. This dissipation/heating fraction is rather less

TABLE Il. Model parameters for the turbulence transport equations.'"®

Parameters Values Parameters Values
Ch 0.25 chr 0.2
C, 0.1 Cyt 0.05
cp —0.006 chy —0.003
U 380.0kms™ m 0.8
AU 200.0kms™ b 0.26
Vao 101.37kms™ o 0.1
o 0.165au Mgy 232.34

than used by Breech et al.'”' as discussed above. Adhikari et al."''* sug-

gested that the remaining energy in turbulent fluctuations is used to
both heat thermal electrons and possibly energize a nonthermal or
energetic particle component via turbulent energization (e.g., Refs.
157-159). The top right panel of Fig. 10 is a comparison of the theoret-
ical (solid curve) and observed (red diamonds with error bar) fluctuat-
ing density variance as a function of heliocentric distance. The
observed and theoretical dependence with r is in reasonable accord,
with the theoretical dependence being ~r~2%. The bottom left panel
of Fig. 10 shows the fluctuating kinetic energy as a function of helio-
centric distance in the same format except that the solid line identifies
the theoretical fluctuating quasi-2D kinetic energy, the dashed line the
theoretical fluctuating NI/slab kinetic energy, and the dashed-dotted-
dashed curve the total (quasi-2D plus NI/slab) fluctuating kinetic
energy. The theoretical fluctuating quasi-2D, NI/slab, and total kinetic
energy decrease according to r~ 162 =118 and r~1¥7 with increasing
distance, respectively. The observed and theoretical models for the
fluctuating kinetic energy are in reasonable agreement. However, we
find that in the slow solar wind flow, the observed turbulent kinetic
energy (i.e., the total kinetic energy in fluctuations as observed by PSP)
matches quite well the predicted behavior of the theoretical quasi-2D
turbulence energy. By contrast, in the fast solar wind flow, the
observed fluctuating kinetic energy better matches the predicted
behavior of the theoretical NI/slab turbulence energy [see Fig. 16 and
Fig. 3(c) of Adhkari et al."’] for the reasons discussed above regarding
the alignment of the radial flow with the magnetic field. Finally, the
kinetic energy correlation length is shown as a function of heliocentric
distance in the bottom right panel of Fig. 10. Two curves are plotted,
corresponding to the quasi-2D fluctuating kinetic energy (solid curve)
and the slab fluctuating kinetic energy (dashed curve). The former
increases until ~65 R, and then decreases slightly with increasing dis-
tance unlike the slab correlation length that increases gradually with
the heliocentric distance.

We extend the analysis of Adhkari et al.*’ by including a compar-
ison of the model results with the magnetic field fluctuations.
Mlustrated in Fig. 11 are plots of the Elsdsser energies (z°°*=2) for the
quasi-2D and slab components, together with the total Elsasser energy
density (z*2),,. As discussed above, the magnetic field was not
aligned with the flow vector, implying that the quasi-2D component
was able to be measured by PSP. The solid line depicts the predicted
evolution with heliocentric distance of the quasi-2D component and
the dashed line the slab component. The dash-dotted line shows the
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FIG. 10. Comparison between the theoretical results and PSP measurements in the slow solar wind flow as a function of heliocentric distance. Top left: solar wind proton tem-
perature; top right: fluctuating density variance; bottom left: fluctuating kinetic energy. Bottom right: correlation length of velocity fluctuations. Reproduced with permission from

Adhikari et al., Astrophys. J. Suppl. Ser. 246, 38 (2020).""® Copyright 2020 IOP Publishing.

total Elsdsser energy density, clearly dominated theoretically by the
quasi-2D component. The observational Elsasser energy density
derived from PSP plasma and magnetic field data are plotted as the
red points with error bars. The total energies E; " = ((2°°*2)
+(2°*72))/2 and EY¥' = E° + E;. are plotted in the middle left
panel, and good agreement with the observed and theoretical quasi-
2D and total energy is shown. The observed Elsasser and total energies
are consistent with the quasi-2D and total energy predictions, indicat-
ing that the turbulence is dominated by quasi-2D fluctuations and not
by slab turbulence. This is further illustrated by the normalized resid-
ual energy plot in Fig. 11 that shows departures from 0 (which would
be expected for slab turbulence dominated by Alfvénic fluctuations).
The normalized cross helicity decreases from 1, indicating that the
energy flux is not uni-directional.

The left panel of Fig. 12 shows the magnetic field variance for the
quasi-2D, slab, and total fluctuations. The observed magnetic field var-
iance tracks the predicted quasi-2D (and total) values closely. The slab

variance is roughly a factor 3.5 smaller than the quasi-2D contribution.
The observed and predicted quasi-2D magnetic correlation length /5
are consistent too.

The modeled and observed correlation lengths for the forward,
backward, and residual energy as a function of increasing heliocentric
distance are illustrated in Fig. 13. The observed forward and backward
correlation lengths appear to be consistent with the corresponding
quasi-2D models. The observed residual energy correlation length
tracks the modeled quasi-2D and slab curves less well although the
overall dependence with the heliocentric distance is similar.

2. Transport of turbulence and dissipative heating
in the fast solar wind

The analysis presented in Sec. IIIB1 assumed a constant pre-
scribed background solar wind speed. Here, we discuss a coupled
turbulence-driven solar wind model"’ for the fast solar wind flow in
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FIG. 11. The top two panels show the Elsésser energy density in forward and backward modes, broken into the dominant quasi-2D components (z°°*2) (solid ling), the slab
components (z*=2) (dashed line), and the total (z*2),, (dash-dotted line) as a function of increasing heliocentric distance. The middle left panel shows the total energies
EZ*"" in the same format. The normalized cross helicity oo, normalized residual energy oy, and Alfvén ratio ry>* for the majority 2D component and the minority slab
component is plotted as a function of heliocentric distance in the right middle panel, bottom left panel, and right bottom panel in the same format. The red diamonds denote the
derived solar wind observations with error bars. Reproduced with permission from Adhikari et al., Astrophys. J. Suppl. Ser. 246, 38 (2020).""® Copyright 2020 IOP Publishing.
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FIG. 12. The left panel shows the predicted quasi-2D, slab, and total magnetic field variance (B>*2) and (B?),,, as a function of increasing heliocentric distance using the
same plotting convention as in Fig. 11. The right panel shows the magnetic correlation length /5 as a function of heliocentric distance. The red diamonds denote the derived
solar wind observations with error bars. Reproduced with permission from Adhikari et al., Astrophys. J. Suppl. Ser. 246, 38 (2020)."" Copyright 2020 IOP Publishing.

open field regions that can be compared to observations made by PSP
during periods when the solar wind flow is highly aligned with the
magnetic field. The turbulence transport model is based on NI MHD
as described in Sec. III A and is coupled to the large-scale flow model.
However, both the turbulence transport model and the large-scale
flow equations are simplified slightly in that only the dominant quasi-
2D turbulence component and outwardly propagating minority
Alfvén wave fluctuations [one can show that a purely outward (or
inward) Alfvén wave energy equation can be derived from the slab
transport equations™ if z*~ = 0 and E}, = 0] are included and we
neglect the contribution of electrons. Consequently, because the quasi-
2D component is an advected quantity and only outward propagating
Alfvén waves are present, nothing special has to be done physically or
numerically at the Alfvén point in the solutions. Here, the focus on the
heating of protons to illustrate that the coupled turbulence-driven
solar wind model can generate a fast solar wind within ~3-4 R, and
provide the required high coronal temperatures.

We consider the evolution of the solar wind and low-frequency
turbulence in the fast wind from 1 to 100 R.... The coupled solar wind
(fluid equation description only) and turbulence transport equations

are solved using a fourth-order Runge-Kutta method, and we use PSP
fast solar wind measurements to compare observations and model
results. The boundary conditions are listed in Table II1. The boundary
conditions at the coronal base are chosen in such a way that the
numerical solutions of the model are reasonable and yield results con-
sistent with PSP measurements. Since the momentum equation intro-
duces a sonic point, we use L'H 6 pital’s rule to integrate the system of
equations near and through the sonic point.

Consider fast solar wind flow measurements made by PSP during
four 2018 intervals with start and end times (DOY:HR:MN):
(312:13:0.378-313:8:46.54), (318:1:56.62-319:5:54.51), (319:21:25.64
-321:7:59.89), and (323:7:7.16-324.0.46:27.35).

Figure 14(a) compares the observed and theoretical radial solar
wind speed U (solid curve), Alfvén velocity V, (dashed curve) and
sound speed from 1 to 100R.. Diamonds with error bars denote
observed quantities, and the error bar indicates the inter-quartile
range. The solar wind speed is predicted to increase rapidly from the
base of the solar corona to 4R, and then more slowly (r>!*) until
100 R..,. Good agreement is shown with the observed solar wind speed.
The Alfvén velocity increases from ~900 km/s at the coronal base to

1

0.8

0.4

At (10 8 km)

0.2

FIG. 13. From left to right, the panels show the correlation lengths }L;’* and ;" as a function of heliocentric distance using the same convention as in Fig. 11. The red dia-

monds denote the derived solar wind observations with error bars. Reproduced with permission from Adhikari et al., Astrophys. J. Suppl. Ser. 246, 38 (2020).
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TABLE IlI. Boundary values at 1R, for the turbulent quantities and the solar wind
parameters.*’

Parameters Values Parameters Values
(291 (km?*s™?) 58 x10°  (z*72) (km®s?) 1100
(z°72) (km*s™%) 5.8 x 10° L (km’s™?) 1.76 x 10°
EY (km®s?) 2000 U(kms ) 13.56
L (km’s?) 4.64 x 101 n (cm™) 1.0 x107
L (km’s™?) 4.64 x 101 T (K) 5 x 10°
LY (km®s™?%) 1.6 x 108 (p™?) (cm™) 2 x 10!

about ~2.79 x 10% km/s at 1.2 R., after which it decreases gradually.
The Alfvén surface, at which U=V, is located at ~11.7 R.. The
observed Alfvén velocity (blue diamonds) beyond the Alfvén surface
matches the theoretical expectation. The dashed-dotted-dashed curve
shows the sound speed, and the sonic point is located at ~1.78 R...
The observed (red diamonds) and theoretical (solid curve) solar
wind proton temperature is plotted in Fig. 14(b). The proton
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temperature increases from 5 x 10°K at the coronal base to
~3.5 x 10° K within 2 R, and then decreases gradually with increasing
distance (see the inset). The reason for the rapid increase in temperature
is the dissipation of primarily advected quasi-2D turbulence'” and not
slab/Alfvénic turbulence. The theoretical solar wind proton temperature
is in reasonable agreement with the observed solar wind proton temper-
ature between ~35 and ~50 R. but is higher than that observed
between 70 and 100 R..,. Here, we have assumed that 80% of the turbu-
lent energy heats the solar wind coronal plasma in the fast solar wind.

Not too surprisingly, the observed and theoretical densities are in
good agreement [Fig. 14(c)] since the solar wind flow speed is roughly
constant beyond ~10 R, and the theoretical expansion corresponds
to ~r 21 between 35.5 and 100 R.. Finally, Fig. 14(d) shows the
radial profiles of the heating rates"’ associated with quasi-2D and slab
turbulence, the former dominating in the subsonic part of the solar
wind and being responsible for heating the corona to temperatures in
excess of 10° K.

Rather than discussing the transport of turbulence on the basis of
this coupled solar wind-turbulence model, we present our currently
most detailed coupled model in the Sec. III B 3 and include a discus-
sion of the turbulence characteristics there.

(o) . . . !

10%
20 40 60 80 100
r/Ro
10 10 T
(d) Quasi-2D
- - -slab

T'/RO

FIG. 14. The panels show (a) (solid curve), the Alfvén speed (dashed curve), and the sound speed (dashed-dotted-dashed curve); (b) the solar wind proton temperature (solid
curve); (c) the solar wind density (solid curve), and (d) the heating rate of quasi-2D (solid curve) and Nl/slab (dashed curve) turbulence as a function of heliocentric distance.
The red diamonds denote the corresponding observed solar wind parameters with error bars. Reproduced with permission from Adhikari et al., Astrophys. J. 901, 102

(2020)."° Copyright 2020 IOP Publishing.
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3. Inclusion of electron physics

As discussed in Sec. I1T A, electrons can be incorporated phenom-
enologically in a Parker-like solar wind model that is coupled to a set
of turbulence transport equations. A phenomenological choice for the
ratio of the distribution of the dissipated turbulence energy to heat
protons and electrons must be made. Following precedent, we adopt a
ratio of 60:40."'>'>> The coupled solar wind driven-turbulence model
is solved from 45.15 to 215R.., and the theoretical results are com-
pared with PSP SWEAP® and FIELDS’ observations, as well as Helios
2 measurements. The PSP measurements comprise the four intervals
listed in Sec. ITI B 2 above. In 1976, Helios 2 sampled three high-speed
streams at 0.29, 0.65, and 0.87 au that originated from the same source
on the Sun.'” We use the Helios 2 observations to extend the fast solar
wind comparison with the theoretical model. For the PSP and Helios 2
observations, we restrict our attention to data that satisfy the following
two criteria: (i) the angle between the large-scale mean flow and the
magnetic field should be less than 20° (0ys < 20°) or greater than
160° (Ayp > 160°) and (ii) the mean square fluctuations of the veloc-
ity, magnetic field, solar wind density, and solar wind temperature
should be less than the square of their mean fields to avoid data associ-
ated with shocks and other embedded structures.

In solving the coupled solar wind-turbulence transport model
with electrons, we use the same procedure described above, ie., a
fourth-order Runge-Kutta method with the boundary conditions
shown in Table I'V.

In the top left panel of Fig. 15, we compare the observed solar
wind proton (red and blue squares) and electron temperatures (pink
and green triangles) to their predicted values (solid and dashed curves,
respectively). The theoretical solar wind proton temperature is a power
law in heliocentric distance r, r—%-%, whereas the theoretical solar wind
electron temperature flattens after ~120 R, being r "> between
~44.5 and ~150 R, and r~°?* between ~150 and 215R..."°" Proton
and electron entropy plots are shown in the top right panel of Fig. 15.
Observationally and theoretically, both increase with increasing helio-
centric distance as expected from the dissipation of turbulence, and
the theory and the two sets of observations are consistent.'* The bot-
tom left panel shows the observed and predicted radial solar wind
speed. A modest increase in speed is predicted but it is basically con-
stant with U ~ 520 km/s. There is some scatter in the PSP and Helios

REVIEW scitation.org/journal/php

2 radial speeds. Finally, as expected, the observed and predicted den-
sity profiles are in good agreement, as illustrated in the bottom right
panel of Fig. 15.

Consider now the transport of low frequency MHD turbulence
in the inner heliosphere for the fast wind as illustrated in Fig. 16. The
top two panels show the energy in forward and backward propagating
fluctuations as measured by the Elsasser variables (z*?) as a function
of heliocentric distance. Unlike the slow wind example discussed in
Sec. IIIB 1, the large-scale background solar wind flow is not pre-
scribed but instead is coupled to the turbulence model. In Fig. 16, we
plot turbulence quantities derived from both PSP and Helios 2 obser-
vations (red and blue squares with error bars, respectively). Two theo-
retical curves are shown, with the solid curve corresponding to the
majority 2D turbulence component and the dashed curve to the
minority slab component. It is important to emphasize again that the
PSP observations particularly are made frequently in fast magnetic
field-aligned flows and consequently only slab or Alfvénic fluctuations
can be measured, since quasi-2D fluctuations are effectively invisible
to the spacecraft. Consequently, comparison of theory and observa-
tions means that it is likely possible on many occasions that only the
slab predictions of NI MHD turbulence should be compared to the
observations made by PSP (and Helios 2). The energy in forward and
backward Elsasser modes does appear to be consistent with the slab/
NI component rather than the 2D component, despite the 2D compo-
nent dominating energetically and being primarily responsible for the
heating of the corona. The bottom left plot shows the normalized
residual energy. The relative smallness of the observed normalized
residual energy indicates that slab or Alfvénic turbulence is being mea-
sured, and this is evidently consistent with the dashed curve prediction
of the NI MHD theory. By contrast, the dominant quasi-2D compo-
nent that is unable to be measured by PSP in this particular geometry
evolves from a state of op ~ 0 (fluctuating kinetic and magnetic
energy being almost equal) to one dominated by magnetic field fluctu-
ations. The remaining panel shows the normalized cross helicity
observed by PSP and Helios 2, together with the predicted quasi-2D
and slab values. The observed values, which agree well with the slab
predictions, give high values of ¢, from ~0.9 to 0.8, indicating an
almost entirely uni-directional energy flux. This is consistent with the
prior discussion (Sec. IIB) of PSP-observed uni-directional Alfvén

. . —5/3
wave propagation and Kolmogorov-like spectra E(k ) oc k7

TABLE V. Boundary values for solar wind parameters and turbulence quantities at 0.21au (45.15R.). We assume the
electron density is approximately equal to the proton density, ne ~ n,. The proton thermal pressure is determined by
Py, = nykgT, and the electron thermal pressure is determined by Pe = neksTe, Where kg is Boltzmann’s constant.'"”

Parameters Values Parameters Values
(212 35008 km? s (z*+?) 17019.3km? s
(z°72) 3179.6km?> s * (z572) 907.96 km* s>
Ey —1134km’ s> Ej —51.3km*s ?
Ly 1.1 x10" km® s~ Lf 1.14 x10° km’ s~ *
L, 1.46 x10° km® s> L; 1.53 x10% km® s ~*
Ly —6.12 x10° km® s 2 L;, ~1.72 x10® km® s 2
U 530km s n, 75.55cm™

T, 3x 10°K T, 5.15 x 10°K
{p>=?) 60cm™®
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FIG. 15. PSP (red squares with error bars) and Helios 2 (blue squares) observations of solar wind plasma parameters as a function of heliocentric distance compared to a cou-
pled proton—electron solar wind-turbulence model (solid and dashed curves). Top left: the solar wind electron and proton temperature. Top right: the solar wind proton and elec-

tron entropy. Bottom left: the solar wind speed. Bottom right: the solar wind density. Reproduced with permission from Adhikari et al., Astron. Astrophys. 650, A16 (2021).

Copyright 2021 EDP Sciences.

Finally, we compare the observed and theoretical correlation
lengths for the forward and backward propagating modes, as shown in
the left and right panels of Fig. 17. As before, the solid and dashed
curves show the theoretical quasi-2D and NI/slab predictions, respec-
tively. From the discussion above, the observationally derived PSP and
Helios 2 correlation lengths should be compared to the predicted slab
correlation lengths and not the quasi-2D correlation lengths, The
agreement is quite satisfactory, and both the quasi-2D and slab corre-
lation lengths increase with increasing heliocentric distance.

Shown in Fig. 18 are the corresponding figures for the fluctuating
magnetic field variance (B?), fluctuating kinetic energy (u?), both for
the theoretical 2D and slab components and the PSP and Helios 2
observations at different heliocentric distances. The agreement of the
observed (B?) with the slab model is excellent, whereas the kinetic
energy observations and theory are less convincing. Finally, the

119

comparison of the observed and predicted density variance (p?) is
very good. Recall that the transport of the density variance is governed
by the quasi-2D velocity fluctuations and the slab-associated velocity
fluctuations do not enter the theoretical passive scale transport of the
entropic density fluctuations.

IV. CONCLUSIONS

Although the Parker Solar Probe has not yet crossed the Alfvén
surface, plasma and magnetic measurements of turbulence are begin-
ning to constrain coronal heating and solar wind driving models, par-
ticularly those that appeal directly to some form of turbulence
dissipation to heat the solar corona. This review focused on two classes
of models advanced to describe turbulence in the corona and inner
heliosphere, these being a model dominated by Alfvén waves interact-
ing nonlinearly (“slab” or Alfvénic turbulence) or one dominated by
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FIG. 16. Top left and right panels show the observed (squares with error bars) and predicted (solid and dashed curves) energy in forward and backward propagating modes.
Bottom left and right panels show the normalized residual energy and the normalized cross-helicity. The solid curve represents the quasi-2D component and the dashed curve
the slab component. Red and blue squares are PSP and Helios 2 observations with error bars, respectively. Reproduced with permission from Adhikari et al., Astron.

Astrophys. 650, A16 (2021).""° Copyright 2021 EDP Sciences.

nonpropagating quasi-2D turbulent fluctuations that interact nonli-
nearly plus a coupled minority slab or Alfvénic turbulence component.
Before turning to how well the specific models address the new con-
straints introduced by PSP observations, we recapitulate the possible
origin of the two classes of fluctuations. The wave-turbulence model
assumes that a broad spectrum of Alfvén waves is excited by rapid dis-
placements of open magnetic flux tubes advected by motion in the
photosphere.'” As discussed in Sec. I above, the drawback with this
model is that the transition region is very effective in limiting Alfvén
wave propagation from the chromosphere into the corona and so a
very large Alfvénic flux needs to propagate away from the photosphere
in order to achieve the canonical coronal energy flux of 5 x 10° ergs
cm™? s~ thought to be necessary to heat the corona to temperatures
high enough to drive the supersonic solar wind. The quasi-2D turbu-
lence model is not subject to this difficulty since the majority quasi-2D

component is advected by the background flowing gas and is not
reflected at the transition layer. It has been argued'” that the dynamical
interaction of mixed polarity small-scale loops that rise from below the
photosphere with an ~40 h replenishment timescale'” generate quasi-
2D turbulence over some scale height about the photosphere. We
mention in Sec. I a possible alternative mechanism for the generation
of quasi-2D turbulence in the chromosphere due to the reflection of
incident Alfvén waves by the transition region. The counterpropagat-
ing chromospheric Alfvén waves will generate 2D turbulence via the
usual resonant three-wave interaction™ of incompressible fluctuations
in the inertial range. The generated 2D turbulence could be advected
through the transition region and act to heat the solar corona. This
process has yet to be worked out in sufficient detail.

Consider now the list of predictions for the quasi-2D and W/T
turbulence models presented in the Sec. I and let us assess them in
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FIG. 17. Comparison between the observed (red and blue squares) and theoretical (solid and dashed curves) correlation lengths as a function of heliocentric distance. Left:
the correlation length of forward propagating modes. Right: the correlation length of backward propagating modes. The solid curve refers to the quasi-2D component and the
dashed to the Ni/slab component. Reproduced with permission from Adhikari et al., Astron. Astrophys. 650, A16 (2021).""° Copyright 2021 EDP Sciences.

light of the discussion presented above. We remind the reader that
observations of waves and structures in the solar wind and corona is
inevitably complicated by the relative alignment of the mean flow and
magnetic field and the predictions and comparison of observations
apply to the super-Alfvénic solar wind.

cross helicity, etc. For highly imbalanced turbulence, a
Kolmogorov-like spectrum can be found. As discussed in Sec.
111 A1 and Adhikari et al.,'”” Solar Orbiter magnetometer and
SWA-PAS plasma data during the period July 7, 2020-August
31, 2020 reveal a clear dependence on the alignment of the
solar wind flow such that the magnetic field and that the 2D
advected component strongly dominates the slab component

PREDICTION1

The NI quasi-2D model predicts that the energy-containing
range in both the slow wind and fast wind is a superposition of
a majority quasi-2D component and a minority slab compo-
nent, likely in the ratio of 80:20. The W/T model predicts that
the turbulence in the energy-containing range is primarily slab
with a minority 2D component generated by the interaction of
counterpropagating Alfvén waves for both the fast and slow
wind. Zhao et al.””® identify small-scale flux ropes in the slow
solar wind and near the heliospheric current sheet together
with Alfvén waves. The magnetic fluctuation spectra in these
regions depend on many parameters, such as radial distance,
the alignment between solar wind flow and magnetic field,

for forward/backward Elsdsser energies, and magnetic and
kinetic energy densities in both fast and slow wind intervals.
Further support for the dominant 2D-minority slab superposi-
tion model comes from comparisons of the NI MHD energy-
containing models of turbulent transport to the PSP plasma
and magnetic field measurements made by Adhikari
et al.">'"*'"? For the slow wind, in regions where the flow and
magnetic field are not aligned, they find that the observed for-
ward and backward Elsdsser energy densities and the total
energy density compare well with the predicted dominant
quasi-2D energy densities as a function of heliocentric dis-
tance. The resulting dissipation of the dominant 2D turbulence
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FIG. 18. Comparison between the observed (red and blue squares) and theoretical (solid and dashed curves) (left) fluctuating magnetic field variance, (center) fluctuating
kinetic energy, and (right) fluctuating density variance as a function of heliocentric distance. The solid curve refers to the quasi-2D component and the dashed to the Nl/slab
component in the left and center figures. Reproduced with permission from Adhikari et al., Astron. Astrophys. 650, A16 (2021).""° Copyright 2021 EDP Sciences.
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is sufficient to account well for the observed heliocentric dis-
tance dependence of the plasma temperature. The correspond-
ing observed energy densities in the magnetic field variance
and the kinetic energy are also consistent with the predictions
of the slow solar wind model. The various correlation lengths
inferred from PSP observations are consistent too with the
slow wind turbulence transport model results. For the fast
solar wind in highly magnetic field aligned regions, the
observed PSP energy densities (forward and backward Elsasser
and total energies) are consistent with the slab energies of
Adhikari et al’’ and not with the predicted dominant or
majority quasi-2D predictions. This is consistent with the
point made repeatedly here which is that 2D fluctuations can-
not be measured in a field-aligned flow unlike the Alfvénic or
slab component. Hence, the quasi-2D model correctly predicts
the evolution with heliocentric distance of the observed minor-
ity slab component. The incorporation of the dissipative heat-
ing associated primarily with the majority 2D component
yields consistent evolution of the mean plasma radial velocity,
temperature, density, and entropy. In summary, the building
blocks (observed small-scale magnetic flux ropes and Alfvén
waves and dominance of the 2D component over the slab com-
ponent) of the NI quasi-2D turbulence description are present,
and SolO and PSP observations of the heliocentric dependence
and levels of the Elsdsser and total energy densities in the slow
and fast wind are consistent with the predictions of the NI
quasi-2D energy-containing turbulence transport models. The
observed energy decomposition in the energy-containing range
does not meet the predictions of the W/T model.

PREDICTION 2

The NI quasi-2D model predicts that the inertial range is simi-
larly anisotropic in both the slow and fast wind with a corre-
sponding majority quasi-2D component and a minority slab
component. The W/T model predicts that the inertial range is
either isotropic or possibly possesses a Goldreich-Sridhar scal-
ing.”” Essentially, the same conclusions as in Prediction 1 hold
for this prediction.

PREDICTION 3

The NI quasi-2D model predicts an arbitrary (normalized)
cross-helicity for both the majority and minority component
in both the slow and fast wind. For highly field-aligned flows,
whether in the fast wind or the slow wind, it is possible that
uni-directional (i.e., with high normalized cross-helicity Values
|oc| ~ 1) Alfvén wave/slab propagation exhibiting a kH
spectrum can occur. The W/T model predicts that the cross
helicity for both fast and slow wind is small since counterpro-
pagating Alfvén waves are essential to ensure the turbulent cas-
cade of energy to small scales, and uni-directional Alfvén/slab
propagation with a k‘ spectrum is not possible unless close
to and just above the Alfvén critical surface. In the context of
the W/T model, if the cross helicity is not small in the super-
Alfvénic solar wind, then the fluctuations would correspond to
a superposition of linear (noninteracting) Alfvén waves. It is
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possible that the spectrum of linear Alfvén waves would then
evolve further through their resonant interaction with ions, for
which quasi-linear theory predicts a k=2 spectrum. The analy-
sis by Adhikari et al**''®''""** distinguishes between the
cross helicity of the 2D and slab fluctuations. Good agreement
is found between observed values of the normalized cross hel-
icity and the predicted quasi-2D normalized cross helicity ¢2°
in nonaligned solar wind flow and magnetic field regions.
Similarly, good agreement is found between observed values of
the normalized cross helicity and the predicted slab normal-
ized cross helicity ¢} in aligned solar wind flow and magnetic
field regions Zhao et al.” using PSP (slow wind) and Telloni
et al.’ using wind data (fast wind) observed um directionally
propagating Alfvén waves (|o.| ~ 1) with a k spectrum in
highly flow-magnetic field aligned intervals. h1s is inconsis-
tent with the critical balance theory but is consistent with the
NI MHD quasi-2D model and the spectral theory presented by
Zank et al."” that shows that slab turbulence with |¢7| ~ 1 pos-
sesses a Kolmogorov spectrum in the parallel wave number
ky 3 In nonaligned flow-magnetic field intervals, the normal-
ized cross helicity can assume values quite different from *1
or 0 and evolves with heliocentric distance in both the fast and
slow solar wind.

PREDICTION 4

The NI quasi-2D model predicts arbitrary values of the (nor-
malized) residual energy o, but it tends to evolve toward —1
in nonaligned flow-magnetic field regions, ie., magnetic
energy dominated, in the majority 2D component. The W/T
model predicts that the residual energy for both the fast and
slow solar wind should be close to zero since the turbulence is
primarily slab. In the slow solar wind, PSP observations show
that the normalized residual energy becomes increasingly neg-
ative with increasing heliocentric distance, i.e., becoming mag-
netic energy-dominated with distance. Because the slow wind
is not typically aligned with large-scale magnetic field, the
quasi-2D fluctuations are visible to the PSP. By contrast, fast
solar wind flows observed by PSP are more often closely
aligned with the interplanetary magnetic field than are slow
flows and the normalized residual energy is typically close to 0,
consistent with slab turbulence composed either of counter-
propagating or uni-directionally propagating Alfvén waves.
Both the slow and fast solar wind observations of the normal-
ized residual energy are consistent with the majority 2D-
minority slab NI MHD description and only the fast solar
wind observations of the normalized residual energy are con-
sistent with the W/T description.

PREDICTION 5

The NI quasi-2D model predicts that the density fluctuations
are primarily advected entropy fluctuations that behave as a
passive scalar (a slow and fast mode wave contribution enters
only at the higher order) and have an amplitude that is ordered
roughly by the turbulent Mach number M = du/C,, where du
is a characteristic velocity of the turbulent fluctuations and C,
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is the characteristic sound speed, and that the density variance
spectrum is k=3, The W/T model does not include a descrip-
tion of density fluctuations. Histograms of density fluctuations
and their linear scaling with the turbulent Mach number, both
derived from PSP plasma observations, are consistent with the
NI MHD superposition interpretation. A detailed discussion of
the density variance spectra using PSP data has not yet been
presented for the slow and fast solar wind. However, detailed
comparisons of the evolving density variance based on PSP
observations and an NI MHD quasi-2D model have been pre-
sented for the slow and fast wind, finding good agreement
with both.""*

In view of the convergence of the predictions listed above for a
dominant quasi-2D—minority slab superposition NI MHD turbu-
lence description and the observations being made by Parker Solar
Probe and Solar Orbiter, a promising case can be made that this is the
fundamental description of low-frequency turbulence in the inner heli-
osphere and quite possibly the corona as well.
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