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Figure 2. Comparison between the theoretical and observed fluctuating kinetic energy (left) and the corresponding correlation length (right) as a function of
heliocentric distance. Solid curves represent the quasi-2D component, dashed curves represent the slab component, and dashed—dotted—dashed curve denotes the total
(quasi-2D plus slab) component. The red “diamond” symbols are observed results with error bars.

as our boundary conditions. This choice is driven by the fact
that most of the data from the first orbit is slow wind, and that
we will have to wait for more data before we can start looking
at other conditions (e.g., fast wind) with any statistical
confidence. The dark blue in Figure 1 corresponds to the solar
wind speed above 420 kms~'. Compared with the slow solar
wind, the density of the fast solar wind is smaller and the
proton temperature a little higher. The top and second panels
show the inverse relationship between the solar wind speed and
the solar wind density. In the figure, the vertical line indicates
the position of the CME observed by the PSP at ~55.2 R,
(Giacalone et al. 2020). We exclude the coronal mass ejection
(CME) in our calculation.

Figure 1 also shows that the data can display a sharp
changes, which may be a sign of boundary crossings of
structures, such as pressure-balanced structures (PBSs) or flux
tubes (Burlaga 1968; Borovsky 2008; Vellante & Lazarus 1987;
Bavassano & Bruno 1991; Burlaga 1995; Sarkar et al. 2014).
The PBS is an equilibrium solution of NI MHD (Zank &
Matthaeus 1992). A flux tube can be defined by a PBS since the
pressure represents a smooth surface that is everywhere tangent
to the local magnetic field (see the Appendix of Zank et al.
2004). In a companion PSP paper, Zhao et al. (2020) have
identified numerous flux ropes (quasi-2D structures) in the slow
wind observed by PSP over a wide range of scales, indicating
the presence of quasi-2D turbulence. Thus, PBSs/flux tubes are
part of the NI MHD description but, unlike the (unrealistic)
static model of flux tubes discussed by Borovsky (2008) and
others, PBSs/flux tubes are highly dynamical in the presence of
quasi-2D turbulence (the Appendix of Zank et al. 2004). The
turbulence transport theory, which computes energy densities
that are derived from NI MHD by taking moments, includes the
dynamical role of these structures. These structures interact
dynamically on a nonlinear timescale.

Following a similar procedure as in our previous papers
(e.g., Adhikari et al. 2014, 2015, 2017a; Zhao et al. 2018), we
calculate the fluctuating kinetic energy, the correlation length
of velocity fluctuations and the variance of the density
fluctuations using a four hours moving interval, and then we
smooth the observed quantities. Figure 2 shows a comparison
between the theoretical and observed fluctuating kinetic energy
(left panel) and the correlation length of velocity fluctuations
(right panel) as a function of heliocentric distance for those
intervals corresponding to our identified slow wind intervals of
Figure 1. The observed fluctuating kinetic energy and the

corresponding correlation are shown with error bars. Here, the
error bar denotes the standard deviation, i.e., the deviation of
the data from the mean value. The error bars corresponding to
the correlation lengths are larger than those of the fluctuating
kinetic energy. In the figure, the dashed lines denote the
fluctuating slab kinetic energy and the corresponding correla-
tion length, the solid lines denote the fluctuating quasi-2D
kinetic energy and the corresponding correlation length, and
the dashed—-dotted—dashed curve denotes the total (quasi-2D
plus slab) fluctuating kinetic energy. The theoretical fluctuating
quasi-2D, slab, and total kinetic energy decrease approximately
as r71'62, ril'lg, and ¥ with an increasing heliocentric
distance. The observed fluctuating kinetic energy also shows a
decreasing profile with the distance.

In the right panel of Figure 2, the theoretical correlation length
for the quasi-2D fluctuating kinetic energy (solid curve) increases
until ~65 R, and then decreases slightly as the distance increases.
The correlation length corresponding to the slab fluctuating kinetic
energy (dashed curve) increases with the heliocentric distance.
The theoretical correlation length corresponding to the slab
fluctuating kinetic energy is larger than that of the quasi-2D
fluctuating kinetic energy between the heliocentric distance of
~35.55 R, and ~131.64 R.,. Similarly, the fluctuating quasi-2D
kinetic energy is larger than the fluctuating slab kinetic energy in
the same region. As discussed above, this is due to the assumed
boundary conditions between the quasi-2D and slab turbulence at
35.55 Rs. We assume an 80:20 ratio between the quasi-2D and
slab turbulence energy (Zank & Matthaeus 1992; Bieber et al.
1996) and a 2:1 ratio between the correlation lengths of slab and
quasi-2D turbulence (Osman & Horbury 2007; Weygand et al.
2009), which is a well established hypothesis for a fully developed
slow wind turbulence. However, this ratio may change depending
on different conditions, such as the solar cycle. The theoretical
fluctuating kinetic energy and the correlation length as a function
of the heliocentric distance are obtained by using Equation (13),
which requires the Elsédsser energies, residual energy, and the
corresponding correlation functions. These quantities are obtained
by solving coupled quasi-2D and slab turbulence transport
Equations (4)—(11) using boundary conditions shown in
Table 2. Table 3 lists the theoretical values and the observed
values with error at the boundary (35.55 R.) and shows that the
theoretical values of the fluctuating quasi-2D, slab, and total
kinetic energy at 35.55 R, are within the error bar of the observed
fluctuating kinetic energy. The error bar in the correlation length
plot is very large. Although, the error in the correlation length is
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Figure 3. Left: comparison of the theoretical density variance and observed density variance as a function of the heliocentric distance. Right: comparison of the
theoretical and observed solar wind proton temperature with the heliocentric distance. The solid and dashed green curves in the right panel correspond to s; = 0.4 and
s1 = 0.3, respectively. The red “ diamond” symbols are observed results with error bars.

very large, the theoretical quasi-2D and slab correlation length of
velocity fluctuations at the left boundary is within the error bar
of the observed correlation. This suggests that the boundary
conditions shown in Table 2 are close to those of the observed
quantities. Our results would indicate that quasi-2D turbulence is
dominant rather than slab turbulence in a fully developed slow
wind turbulence between 35.55 R and 131.64 R, (Zank &
Matthaeus 1992; Bieber et al. 1996; Adhikari et al. 2017a; Zank
et al. 2017; Zhao et al. 2018). In the fast wind, slab turbulence (or
even uni-directionally propagating Alfvén waves) dominates
quasi-2D turbulence in the inner heliosphere (e.g., Dasso et al.
2005).

The left panel of Figure 3 shows a comparison between the
theoretical and observed variances of density fluctuations as a
function of heliocentric distance. In the figure, the theoretical
variance of density fluctuations (solid curve) decreases mono-
tonically in a manner similar to that of observed density variance
(red “diamond” with the error bar) with an increasing heliocentric
distance. The theoretical density variance exhibits a radial profile
of ¥ > The rate at which the variance of density fluctuations
decreases in the inner heliosphere is slower than that of the outer
heliosphere (Adhikari et al. 2017a; Zank et al. 2017; Zhao et al.
2018), which decreases faster than . Table 4 shows that the
theoretical variance of density fluctuations at 35.55 R, is within
the error bar of the observed density variance.

The right panel of Figure 3 displays the solar wind proton
temperature. The observed solar wind proton temperature with an
error is calculated for ~5.83 hr intervals. The comparison between
the theoretical and observed solar wind proton temperature shows
that the theoretical solar wind proton temperature is a little larger
than that of the observed solar wind proton temperature. In the
figure, the solid green curve corresponds to the s; = 0.4 and the
dashed green curve to s; = 0.3. It indicates that, in the former
case, 40% of the turbulence energy goes into solar wind heating of
the protons, while in the latter case, 30% of the turbulence heating
goes into solar wind heating of the protons. This result would
suggest that the remaining energy in turbulence fluctuations may
be dissipated into electron heating and the nonthermal energiza-
tion of charged particles. The solid and dashed green curves
increase initially and then decrease as 798 and 0% s
respectively, indicating that the heating rate determines the radial
profile of the solar wind proton temperature. The rate of cooling
for the theoretical solar wind proton temperature is slower than
that of adiabatic cooling indicating that the energy is being added
in situ, either through continued dissipation of turbulence or the
generation of in situ turbulence and its subsequent dissipation. The

Table 4
Theoretical Values and Observed Values with Errors at 35.55 R,

Parameters Theoretical Values Observed Values + o
()1 (km*s72) 3.15 x 10° 2.68 x 10° + 542.1
(u?) (km*s™?) 2.52 x 10° 246 x 10° + 433.68
(W) (km®s™?) 629 536 + 108.42

12° (km) 0.0436 x 10° 0.11 x 10° £+ 0.14 x 10°
¥ (km) 0.0872 x 10° 0.11 x 10° £ 0.14 x 10°
{(p>2) (cm™®) 435 x 10° 434 x 10° £ 2.5 x 10°
T (K) 1.75 x 10° 2.17 x 10° + 4.31 x 10*

Note. The parameter o denotes the standard deviation.

cooling rate depends on the cascade rate (Ng et al. 2010), which
is, in this work, based on the Kolmogorov phenomenology, but
other phenomenologies may also be applied, such as Iroshnikov—
Kriachnan, for example (Ng et al. 2010). Here, the chosen
boundary value of the solar wind proton temperature is within the
error bar of the observed solar wind proton temperature as shown
in Table 4.

4. Results: Theoretical Predictions

Having extracted the plasma variables from the solutions of the
equations describing the Elsdsser variables in Equations (4-12)
and compared them to PSP SWEAP observations, we can predict
the corresponding turbulent Elsdsser and magnetic variables.
Figure 4 shows the theoretical turbulent quantities as a function of
the heliocentric distance. The solid curves denote the majority
quasi-2D components, the dashed curves denotes the minority
slab component, and the dashed—dotted—dashed curves denote the
total (sum of quasi-2D and slab) component. Figure 4(a) shows
the decay of the turbulent energy in forward propagating modes,
with the power-law decreases shown as 14, =113 and 136,
corresponding to quasi-2D, slab, and total components, respec-
tively. Figure 4(b) shows the energy in backward propagating
modes as a function of the heliocentric distance. In this case, the
quasi-2D, slab, and total energy in backward propagating modes
decrease rapidly initially, increase slightly, and then decrease
slightly as r~03°, =039 and r—°4, The slight increase in backward
propagating modes is due to the excitation of these modes by
stream shear (Adhikari et al. 2015). Figure 4(c) shows the total
turbulent energy as a function of the heliocentric distance. Similar
to the energy in forward propagating modes, the total turbulent
energy decreases monotonically with the heliocentric distance.
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Figure 4. Turbulent quantities as a function of the heliocentric distance. The convention for the curve is the same as used in Figure 2. The panels show (a) the energy
in forward propagating modes, (b) the energy in backward propagating modes, (c) the total turbulent energy, (d) the fluctuating magnetic energy, (e) the normalized

residual energy, (f) the normalized cross-helicity, and (g) the Alfvén ratio.

Here, the quasi-2D, slab, and (quasi-2D + slab) total turbulent
energies follow radial profiles of r71'27, 1 and r71'21,
respectively.

Figure 4(d) shows that the fluctuating magnetic energy
decreases with the increase of the heliocentric distance, as

(quasi-2D, slab, and total) r_3'12, r_2‘97, and 73! respectively,

indicating that the radial profile of the fluctuating magnetic energy
is approximately similar to that of the well-known Wentzel-
Kramers—Brillouin (WKB) description (Zank et al. 1996). The
latter result is rather interesting since an r > decay corresponds to
the expected variance of the fluctuating magnetic field from the
WKB theory (Zank et al. 1996). However, WKB is a linear
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Figure 5. Panels (a) and (b) show the correlation functions and correlation lengths of forward and backward propagating modes and the residual energy. The panel (c)
shows the correlation length of magnetic field fluctuations. The description of curves is similar to Figure 2.

Alfvén wave theory (i.e., non-interacting Alfvén modes and,
therefore, does not describe turbulence), and the prior results
(observations + theory) are certainly inconsistent with the WKB
theory. For example, Figure 2 shows that (u2) decays as r "7,
whereas the WKB theory, since (u?) = (h?), should decay as r .
As discussed and illustrated in Zank et al. (1996), an 3 decay is
the fluctuating magnetic field variance emerges naturally from a
turbulence transport formalism when the rate of dissipation is
balanced by the rate of turbulence driving—in this case, the
turbulence is driven by shear on the boundaries of the fast and
slow streams. The difference between the decay characteristics of
(u*) and (b?) is interesting in that it shows that it is primarily
magnetic energy rather than kinetic energy that dominates at this
distance.

Figure 4(e) shows the normalized residual energy as a
function of the heliocentric distance. The normalized residual
energy for quasi-2D and slab turbulence decreases with an
increasing heliocentric distance, as does the normalized cross-
helicity (Figure 4(f)). The evolution of the normalized cross-
helicity shows that the slab turbulence remains essentially
outwardly propagating Alfvén modes, and there is relatively
little generation of inwardly propagating Alfvén waves. By
contrast, the quasi-2D turbulence evolution of the cross-helicity
tends to smaller values more rapidly than the slab turbulence.
The rapid decrease in the Alfvén ratio for the quasi-2D modes
compared to that of the slab turbulence (Figure 4(g)) illustrates
that the quasi-2D turbulence is more magnetically dominated
than slab turbulence.

Figure 5(a) shows the correlation functions of the forward
propagating modes (red curves), backward propagating modes
(blue curves), and the residual energy (green curves) as a

function of the heliocentric distance. The solid curves identify
the quasi-2D correlation functions, and the dashed curves the
slab correlation functions. The quasi-2D correlation function
for forward propagating modes decreases with the heliocentric
distance, and the slab correlation function decreases very
slightly in the distance between 35.55 R and 131.64 R.,. Both
the quasi-2D and slab correlation functions corresponding to
backward propagating modes increase slightly with the
heliocentric distance. Similarly, the quasi-2D and slab correla-
tion functions corresponding to the residual energy decrease as
a function of the heliocentric distance.

Figure 5(b) shows the correlation lengths corresponding to
forward and backward propagating modes. The quasi-2D and slab
correlation lengths for the forward propagating mode increase
with the distance as "% and /*%, respectively. Similarly, the
quasi-2D and slab correlation lengths for backward propagating
modes increase as 7*** and r*%?, respectively. The quasi-2D and
slab correlation lengths for the residual energy initially decrease,
and then increase as 7% and *%7, respectively. Figure 5(c) shows
the correlation length for magnetic field fluctuations. The
correlation length for quasi-2D magnetic field fluctuation shows
a radial trend of ! , while the correlation length for slab
magnetic field fluctuations is ~r''!, i.e., they basically exhibit the
same radial dependence.

5. Discussion and Conclusions

We studied the evolution of turbulence in the inner heliosphere
along the trajectory of the PSP in the outbound direction from the
perihelion (~35.55 R.,) of the first orbit to the heliocentric distance
of ~131.64 R, by using PSP SWEAP plasma measurements and
a nearly incompressible magnetohydrodynamic Zank et al. (2017)
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turbulence transport model. Furthermore, based on the theory of
Zank et al. (2017), we can predict additional turbulent quantities
that include both the fluctuating velocity and magnetic field. For
the present, we only compared the plasma quantities predicted by
Zank et al. (2017) with the PSP SWEAP plasma measurements
and will compare the magnetic field data once it is available. Since
the observed radial velocity and T- and N-component solar wind
speed (and also the solar wind density) are seen to be divided
clearly into two components, one with a speed of ~400 kms™'
and other with a speed of ~600 km s~!, we considered the solar
wind speed, the density, and the proton temperature corresponding
to the slow solar wind regime, as determined by a speed less
than 420 kms~'. By doing so, we compared the theoretical
and observed evolution of fully developed turbulence between
~35.55 R, and ~131.64 R....

We compared the theoretical and observed fluctuating
kinetic energy, the correlation length of velocity fluctuations,
the variance of density fluctuations, and the solar wind proton
temperature. We found that the plasma quantities predicted
by the model are in reasonable agreement with the observed
PSP SWEAP plasma measurements. On the basis of these
comparisons, other theoretical results related to the fluctuating
magnetic field were derived, such as the energy in forward and
backward propagating modes, the normalized residual energy
and cross-helicity, the fluctuating magnetic energy, the total
turbulent energy, the correlation functions corresponding to
forward and backward propagating modes and the residual
energy, the correlation length corresponding to forward and
backward propagating modes and the residual energy, and the
correlation length of magnetic field fluctuations between
~35.55 R, and ~131.64 R.,. In future work, we will compare
the Elsdsser and magnetic field quantities predicted by our
turbulence transport model with the corresponding quantities
measured by the PSP SWEAP plasma and field measurements.

We summarize our findings for the range between the
perihelion of the first orbit of the PSP and 131.64 R as
follows.

1. The theoretical and observed fluctuating kinetic energy
decreases with an increasing heliocentric distance. The
theoretical quasi-2D, slab, and total fluctuating kinetic
energy follow power laws of r— "%, y~'2 and %,
respectively.

2. The correlation length for the theoretical and observed
velocity fluctuations increases with an increasing helio-
centric distance.

3. The theoretical and observed variance of the density
fluctuations decreases with the heliocentric distance. The
thf:zogf:tical variance of density fluctuations decreases as
roT

4. The theoretical and observed solar wind proton temper-
ature decreases with the distance, and we find that
approximately 30%—-40% of the dissipated turbulent
energy is sufficient to account for the observed proton
temperature profile. That implies that approximately 70%
of the turbulent energy is used to heat electrons and create
energetic particle population.

5. The theoretical quasi-2D, slab and total turbulent energy
in forward propagating modes predicts radial profiles of
r71'48, 116 and r71'38, respectively.

6. The quasi-2D, slab and total turbulent energy in
backward propagating modes is predicted to decrease
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initially, increase slightly, and then decrease as r_°'38,

r %3 “and 08 respectively

7. The theoretlcal quasi-2D, slab and (quasi-2D + slab) total
turbulent energy are predicted to decrease as ', r'*%%,
and r~'**, respectively.

8. The quasi-2D, slab and total fluctuating magnetic energy
are predicted to decay as power laws with the form r—314,
=29 and r—3, respectively.

9. The quasi-2D and slab correlation lengths corresponding

to forward and backward propagating modes are predi-

cted to increase with the distance, whereas the correlation
length for the residual energy is predicted to decrease
initially and then increase with the distance.

The correlation lengths corresponding to quasi-2D and

slab ﬂuctuatm% magnetlc energy are predicted to increase

according to 7' and r'"'*, respectively.

The observed normalized density fluctuations 6p/p and

the turbulent sonic Mach number (M,) are small between

35.5 R, and 131.64 R.,. The scaling between the density

fluctuations and the turbulent sonic Mach number is

found to be §p ~ O(M2"7) in this region, indicating that
the NI MHD theory is an appropriate model to describe
turbulence in the solar wind.

10.

11.

The SWEAP investigation and this publication are supported
by the PSP mission under NASA contract NNNO6AAOIC.
We acknowledge the partial support of NASA grants NNX
08AJ33G, Subaward 37102-2, NNX14ACO08G, the PSP
contract SV4-84017, an NSF-DOE grant PHY-1707247, and
the partial support of NSF EPSCoR RII-Track-1 cooperative
agreement OIA-1655280. L.A. and L.L.Z. thank K.E. Korreck,
A.W. Case, and M. Stevens for their kind hospitality while
visiting the Smithsonian Astrophysics Observatory (SAO).

Appendix
Scaling of Density Fluctuations with Turbulent Sonic Mach
Number

On MHD scales, the solar wind behaves as an almost
incompressible fluid in both the inner and the outer heliopshere,

102

100 L L L L

Figure 6. Density fluctuations p as a function of turbulent sonic Mach number
M, for solar wind speeds less than 420 km s~ . The black line is a least-square
fit showing that §p ~ M%7,
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Figure 7. Left: histogram of the density fluctuations normalized to the mean density. Right: histogram of the turbulent sonic Mach number.

with the relative amplitude of density fluctuations being less than
0.1 (Bavassano & Bruno 1995). Thus, nearly incompressible
MHD theory seems to be applicable in describing much of solar
wind turbulence at these scales. In this Appendix, we use PSP
measurements in the region between 35.5 R, and 131.64 R, to
determine whether the solar wind is compressible or nearly
incompressible. The theory of NI MHD has been developed since
the late 1980s (Matthacus & Brown 1988; Matthaeus et al. 1991;
Zank & Matthaeus 1991, 1992, 1993; Bhattacharjee et al. 1998;
Hunana et al. 2006; Hunana & Zank 2010), and the theory
predicts, (i) that §p scales as ~O(M?) if the background flow is
homogeneous (Matthaeus & Brown 1988; Zank & Matthaeus
1991, 1992), and (ii) ép scales as ~O(Mj) if the background field is
inhomogeneous (Bhattacharjee et al. 1998; Hunana et al. 2006;
Hunana & Zank 2010). Observational studies in the solar wind
(Klein et al. 1993; Tu & Marsch 1994; Bavassano & Bruno 1995)
find that the O(MSZ) scaling is met rarely and that an O(M,) scaling
is more appropriate. This is consistent with NI MHD in an
inhomogeneous flow.

To find a scaling between density fluctuations and the
turbulent sonic Mach number, the density fluctuation and the
turbulent sonic Mach number are calculated for four hour
moving intervals in the slow solar wind plasma identified in
light blue in Figure 1. The results are then smoothed by taking
20 data points. Figure 6 shows the relation between the density
fluctuations (6p) and the turbulent sonic Mach number
My(=bu/C,), where éu is the characteristic speed of the
fluctuations and C; = /(yP/p) is the sound speed. Here
(=5/3) is the polytropic index, P is the local solar wind thermal
pressure, and p is the local solar wind density. The black solid
line is the least-square fit of the dp and M; scatter plot. We find
that 5p ~ O(M>°"). This scaling is close to the &p ~ O(M,)
scaling predicted by Hunana et al. (2006), Hunana & Zank
(2010), and Bhattacharjee et al. (1998) for an inhomogeneous
background flow.

The frequency distributions of §p/p and M, are shown in the
left and right panel of Figure 7, respectively. The left panel of
Figure 7 shows that 6p/p is concentrated mainly around ~0.15,
which shows that the flow is essentially incompressible at the
scale studied (4 hr intervals). The right panel of Figure 7 shows
that the most likely value of the turbulent sonic Mach number
distribution is bimodel, peaking near ~0.3 and ~0.6. These
results suggest that the NI approach is suitable for studying
turbulence in the solar wind. The length of interval used may
affect the result. One effect may be that the histogram of §p/p

11

over longer time intervals will move to the right (Bavassano &
Bruno 1995).
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