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Abstract

The solar wind is the supersonic plasma (sound speed ~100 km/s) streamed from the
corona, which is an outer atmosphere of the sun, and there are two types of the solar wind
called the fast wind (~750 km/s) and the slow wind (~300 km/s). It is also known that the
solar wind is accelerated rapidly in the outer corona about 5-10 Rg (= solar radii). The
coronal heating by magnetohydrodynamic waves and the wave-induced magnetic pressure
are thought to play major roles in this rapid acceleration. However, confirmation by
observations has been insufficient because physical properties of the solar wind acceleration
region, whose plasma is thin and dark, are difficult to observe by optical methods.

In radio occultation observations, coronal plasma disturbs received radio wave’s amplitudes
and frequency from which we can derive physical parameters such as the flow speed and
wave’s amplitudes. In this research, we analyze data taken in JAXA’s Venus orbiter
Akatsuki's radio occultation observations carried out during the superior conjunction
periods from May 30, 2016 to June 15, 2016 as well as the observations in 2011. Solar offset
distances of about 2 to 10 Rg were probed intermittently 11 times.

Physical parameters (flow velocity, power-law exponent, axial ratio, inner scale, and the
magnitude of the power) were retrieved from the intensity scintillation time series by fitting
a theoretical spectrum to the observed power spectra. The radial distribution of the derived
solar wind velocity clearly showed a difference between the two types of the solar wind. We
also found that the inner scale increases with the heliocentric distance and that the fast solar
wind has larger inner scales than the slow solar wind. This behavior is consistent with the
theoretical model (the inertial length model) both qualitatively and quantitatively.

We applied wavelet analysis to the frequency time series to detect quasi-periodic
fluctuations (QPC), that are thought to represent acoustic waves, and quantify the
amplitude, the period, and the coherence time of each wave event. The density amplitude
and the wave energy flux were also estimated following the method of Miyamoto et al.
(2014). We confirmed that the fractional density amplitudes increase with distance up to ~6
Rs. The amplitude reaches tens of percent, suggesting a possibility of wave breaking. The
energy fluxes increase with distance up to ~6 Rg, suggesting local generation of waves. It is
probable that these radial distributions indicate that the Alfvén waves propagating from the
photosphere generate acoustic waves in the outer corona, and the generated acoustic waves
dissipate to heat the corona, as suggested by Miyamoto et al. (2014). Furthermore, the
energy fluxes in the fast solar wind were larger than the slow wind. The results suggest that
the fast solar wind originating from the coronal hole is powered by a larger injection of wave

energy than the slow wind originating from other regions.
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1. Introduction

1.1. Acceleration of the solar wind

The solar corona, an outer atmosphere of the sun composed of thin plasma, is as hot as 1 to
2 million K in contrast to the photosphere of about 6000 K. Due to the pressure gradient
caused by the high temperature, the supersonic plasma "solar wind" (sound speed ~100
km/s) originates from the corona. The solar wind blows through the interplanetary space
and affects the environments of the Earth and other planets.

It is also known that the solar wind is accelerated rapidly from the distance to the Sun's
center (heliocentric distance) of several Ry (= solar radii) to ~20 Ry (Fig. 1). The
acceleration of the solar wind has been observed by Interplanetary Scintillation (IPS)
observations, which uses radio waves emitted from natural radio sources and received by
ground stations (e.g., Woo and Armstrong 1981; Scott et al. 1983; Tokumaru et al. 1991,
1995; Coles 1995). Various theoretical models about the acceleration have been proposed
since the pioneering work by Parker about half a century ago (Parker 1959). The models
suggest that the thermal pressure gradient caused by the coronal high temperatures and the
magnetic pressure gradient originating from magnetohydrodynamic waves (Alfvén wave)
propagating along radial magnetic fields lead to the solar wind acceleration. However, the
mechanism of the heating and the acceleration that continuously occur from the vicinity of
the Sun to ~20 Rg has still been unclear and is thought to be one of the major problems in

astrophysics (Cranmer et al. 2019).
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Figure 1. Heliocentric distance of the solar wind velocity measured by IPS observations
(Tokumaru et al. 1991).

A possible mechanism of the solar wind acceleration is the wave/turbulence driven model
that energy is transferred from the photosphere to the corona by Alfvén waves propagating
along radial magnetic fields (e.g., Cranmer 2012); the scenario has been reproduced in
magnetohydrodynamics (MHD) simulations (e.g., Suzuki and Inutsuka 2005; Matsumoto
and Suzuki 2012; Shoda et al. 2019). In this mechanism, Alfvén waves are excited by the
movements of magnetic field lines embedded in photospheric convection cells and
propagate outward along magnetic fields. The Alfvén waves generate acoustic waves
through nonlinear processes in distant regions and are reflected inward by the acoustic
waves. Then, turbulence is generated by the superposition of inward and outward Alfvén
waves. The corona is heated by dissipations of turbulence and acoustic waves, leading to the
acceleration of the solar wind.

The two-dimensional coronal model by Matsumoto and Suzuki (2012), which successfully
reproduced the solar wind, shows density fluctuations generated from Alfvén waves mainly
at distances farther than ~3 Ry (Figure 2). The three-dimensional model by Shoda et al.
(2019) reproduced radial distributions of outward and inward Elsisser variables, which
correspond to outward and inward Alfvén waves, respectively, in the linear regime; Figure 3

indicates reflected Alfvén waves have finer transverse structures like turbulence than



outward Alfvén waves around 4-10 Rq.
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Figure 2. Density fluctuations originating from Alfvén waves reproduced by a MHD
simulation (Matsumoto and Suzuki 2012). (a) Normalized density fluctuation and (b)
region that is magnified five times. The red squared region in (a) is equivalent to (b). (c)
Temperature distribution and (d) density distribution; the regions shown are magnified 100

times from (b).
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Figure 3. Radial distributions of (upper) outward and (lower) inward Sunward Elsisser
variables reproduced by a MHD simulation (Shoda et al. 2019).

As can be seen in these numerical simulations, acoustic waves that are represented by
density fluctuations are excited in the outer corona and play an important role in the
dissipation of Alfvén waves. For the confirmation of the theory, the distributions of waves
and turbulence and the associated solar wind acceleration need to be observed. However,
the major acceleration region (2-10 Rg) is too close to the sun for in-situ measurements and
too tenuous for optical methods to observe key processes. For these reasons, confirmation by
observations has been insufficient. Radio occultation is one of the limited means to observe
the acceleration region.

It is also known that there are two types of the solar wind called the fast wind (~750 km/s)
and the slow wind (~300 km/s) (e.g., McComas et al. 2008). The fast wind originates from
coronal holes where open magnetic fields dominate, and the slow wind originates from the
boundary between coronal holes and closed field regions. The fast wind is known to have
lower densities than the slow wind. The distribution of the fast and slow solar winds changes
during the solar activity cycle with a period of about 11 years. For example, the slow wind is
superior during the solar maximum, while in the solar minimum, the slow wind dominates at
low latitudes and the fast wind streams from coronal holes at high latitudes. What makes the
difference in the flow speed between the fast wind and the slow wind is still unclear; to
clarify the key processes causing this difference, it is necessary to compare between the fast

and slow winds the radial distributions of wave's amplitude, period, and energy flux, and



turbulence, which will play roles in coronal heating. Moreover, by focusing on the difference
of physical processes between the fast winds and slow winds, we can obtain clues to the

mechanism of the solar wind acceleration.

1.2. Radio occultation observation

The solar wind velocity has been derived from the power spectra of the intensity
scintillations of radio waves emitted by natural radio sources and received at ground stations
(Interplanetary scintillation, IPS) (e.g., Woo and Armstrong 1981; Scott et al.1983;
Tokumaru et al. 1991, 1995; Coles 1995). In this method, the drift of the diffraction pattern
at the ground due to the radial drift of the turbulent density structure is observed as the
intensity fluctuation at the ground station, so the flow speed and the information on the
turbulence can be obtained from the power spectrum of the scintillation (e.g., Scott et
al.1983). Radio occultation observations of the solar corona were conducted also using
spacecraft radio signals. During the passage of a spacecraft on the opposite side of the sun as
seen from the Earth, radio waves transmitted from the spacecraft are received at the ground
station (Figure 4). Coronal plasma disturbs radio wave's amplitude and frequency, from
which we can derive various physical parameters such as the flow speed and the wave

amplitude.

Trajectory of _
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Figure 4. Schematic of the radio occultation observation of the solar corona using a

spacecraft.



Various spacecraft have conducted radio occultation observations of the solar corona. Solar
wind velocities were derived from intensity spectra similarly to IPS observations (Efimov
1994; Imamura et al. 2014). Efimov et al. (2010, 2012) detected quasi-periodic electron
density fluctuations, which they call quasi-periodic component (QPC) and identified as
acoustic waves, in the corona using radio occultation experiment with the Mars Express,
Venus Express, and Rosetta. Mean periods of the QPCs studied by Efimov et al. (2010,
2012) were about 3-4 minutes. Since the cut-off period of acoustic waves drops to 150 s in
the transition region below the corona (Erdélyi et al. 2007), acoustic waves with periods
exceeding 150 s should not have propagated from the photosphere.

The Venus orbiter Akatsuki is a spacecraft launched by JAXA in 2011. Although Akatsuki
usually observes the Venusian atmosphere with optical methods and radio occultation, radio
occultation observations of the solar corona were conducted during the passage of the
spacecraft on the opposite side of the sun as seen from the Earth (solar superior
conjunction). Akatsuki has conducted radio occultation observation campaigns in 2011,
2016, 2018, and 2019, covering various solar activity phase from the maximum (year 2011)
to the minimum (year 2019). Using Akatsuki's radio occultation data in 2011, Imamura et al.
(2014) estimated solar wind velocities from the scintillation spectra and confirmed the solar
wind acceleration in the region of 1.5-20.5 Rg. Using the same data set, Miyamoto et al.
(2014) detected quasi-periodic density fluctuations that are considered to be acoustic waves
and derived the radial dependences of the wave's amplitudes, periods, coherence times,
density amplitudes, and energy fluxes. They also suggested that acoustic waves originating
from Alfvén waves are breaking, and the wave energy is thermalized at heliocentric distances

farther than ~6 Rg (Figure 5).



10°

o L
o104k
i
ol SRR
o 103 L
‘Q 10 (#x
S . P
< | ¢
- i
2 402k X
Q ¢ 3o 1‘
(] C )
o L
2 ol T
€=
T 10! ¢ ¢
(@] C
S C O West (June 6 - June 25)
: X East (June 26 - July 8)
Suzuki & Inutsuka (2005)
100 i i n kb AL N
100 101

Heliocentric distance (Rs)

Figure 5. Radial distribution of the energy flux obtained from the observations on the
western side (circles) and the eastern side (crosses) of the Sun. A result obtained from
Akatsuki's radio occultation campaign in 2011 by Miyamoto et al. (2014). Shaded area

represents the result of the numerical model by Suzuki and Inutsuka (2005).

1.3. Purpose of this study

As mentioned above, it was suggested that acoustic waves and turbulence can be generated
in the corona and play important roles in coronal heating and solar wind acceleration. The
difference of physical process between the fast wind and the slow wind will provide clues to
the mechanism for the acceleration. In this study, by using spacecraft radio occultation, we
aim to clarify what makes the difference between the fast and slow winds by deriving the
radial distributions of the solar wind velocity, the turbulence characteristics, and the
characteristics of acoustic waves in different types of the solar wind.

In this paper, we report the results of analyses of radio signals transmitted from JAXA's
Venus orbiter Akatsuki and received at a ground station during the solar superior
conjunction in 2016. First, in section 2, we introduce the details of the data set used in the
analysis and describe how the time series of the intensity variation and the frequency/phase

variations were derived from the recorded signals. The solar wind velocity map obtained by



IPS observations conducted by the Solar-Terrestrial Environment Laboratory (STEL) at
Nagoya University is also introduced to locate the regions observed by Akatsuki in the
horizontal velocity distribution. In section 3, we derive the solar wind velocity and the
spatial structure of turbulence from the intensity variation. In section 4, acoustic waves are
extracted from the frequency fluctuation and the amplitude, period, density amplitude, and
energy flux of each of the detected waves are derived. The conclusions are given in section
5.



2. Observations

The observations of the solar corona were conducted from May 30 to June 15 in 2016 using
the 8.4 GHz downlink signal of JAXA's Venus orbiter Akatsuki during solar conjunction.

The total of 11 experiments covered heliocentric distances of 1.5-20.5 Rs (Figure 6).
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Figure 6. Location of Akatsuki (crosses) relative to the sun (circle) as seen from the Earth

on the dates of the observations in 2016.

Tablel summarizes the observations. The former half period (May 30 to June 5) covers the
western side of the sun, and the letter half (June 8 to 15) covers the eastern side of the sun.
The recording was done for 5.5 hours in each of the 11 experiments. We limit our analysis to
data taken at distances longer than 3.0 Rs since the data at closer distances suffer strong
scattering and need different approaches (Imamura et al. 2014).

The measurements utilized the radio science subsystem of the Akatsuki spacecraft
(Imamura et al. 2011, 2017). The experiments were conducted using the 8.4GHz downlink
signal stabilized by an onboard ultra-stable oscillator (USO) having an Allan deviation of
less than 10712 at the integration time of 1-1000 s. The radio wave transmitted from the
high-gain antenna of the spacecraft was received at Usuda Deep Space Center (USDC) of

Japan for deep-space communication. The signal received was down-converted to ~2MHz



by an open-loop heterodyne system stabilized by a hydrogen master and 4-bits digitized

with a sampling rate of 8MHz using a recorder developed for radio astronomy.

Table 1
Summaries of the observations.
2016 Date Time Length Heliocentric distance East/West

(UT) (hour) (Rs)
May 30 02:00 5.5 8.19-7.95 West
June 1 02:00 5.5 6.08-5.83 West
June 3 02:00 5.5 3.94-3.69 West
June 4 02:00 5.5 2.87-2.62 West
June 5 02:00 5.5 1.80-1.56 West
June 8 02:00 5.5 1.36-1.60 East
June 9 02:00 5.5 2.36-2.56 East
June 10 02:00 5.5 3.33-3.58 East
June 11 02:00 5.5 4.41-4.66 East
June 13 02:00 5.5 6.59-6.84 East
June 15 02:00 5.5 8.75-9.00 East

Notes. "Time" is the start of recording signals, "Length" is the recording length in hours,

"Heliocentric distance" is the heliocentric distance in the middle of each observation.

The time series of the intensity and the frequency were retrieved from the recorded data in
the following manner (Imamura et al. 2005, 2011). First, the Doppler frequency time series
predicted for the motions of the ground antenna and Akatsuki is subtracted from the
recorded signal by heterodyning, thereby suppressing the frequency variation to enable
narrow band-pass filtering. Then, the complex voltage data after subtracting the predicted
Doppler frequency is divided into subsections with a certain width, and discrete Fourier
transform (DFT) is applied to each section. A narrow spectral interval is extracted from
each DFT spectrum, and an inverse Fourier transform is performed to realize a narrow band
filtering. The absolute value of the complex data in the obtained narrow-banded signal
represents the intensity of the received radio signal. Narrowing the bandwidth results in a
larger signal-to-noise ratio at the expense of the time resolution. For the intensity time
series, the time resolution was set to be 0.00256 s. The real and imaginary parts of each
complex number in the obtained narrow-band signal also gives the phase from which the

frequency can be obtained by time differentiation. However, the frequency time series

10



obtained by this procedure was found to be too noisy, and thus a different method is used.
We further divided the narrow-banded signal into subsections and applied another DFT to
each of the subsections, and a theoretical spectrum (sinc function) was fitted to the power
spectrum to determine the frequency (Lipa and Tyler, 1979). The time resolution of the
frequency time series is 1.3072 s.

The solar activity was in a decaying phase in 2016. The solar wind velocities at far distances
were obtained by the interplanetary scintillation (IPS) observations conducted by the Solar-
Terrestrial Environment Laboratory (STEL), Nagoya University during the same period.
The measured velocities were projected onto the solar surface and the closest points along
the radio ray path of Akatsuki are shown on the map in Figure 7. The radio occultation
probed relatively high-speed regions near a coronal hole on June 1 and June 3 on the

western side of the sun, while regions far from coronal holes were probed on other days.
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Figure 7. Solar wind velocity synoptic map generated with IPS measurements by the Solar-
Terrestrial Environment Laboratory (STEL), Nagoya University (provided by Prof.
Tokumaru). Circles pointed by arrows indicate the projections of the closest points along the
ray path of Akatsuki radio occultation. The numerals indicate the dates of the observation,
and "East" and "West" indicate the locations with respect to the sun as seen from the Earth.
The blue region around the heliographic latitude of 15°N and the Carrington longitude of

150° corresponds to the fast solar wind originating from the coronal hole.
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3. Intensity scintillation

From the intensity time series of the received radio signal, we can derive the flow speed
and the turbulence characteristics following the procedure described below. The radio wave
that traverses the solar corona is scattered, i.e., the wavefronts are disturbed, by density
fluctuations, thereby producing a diffraction pattern at the Earth. The diffraction pattern at
the Earth is convected past the observer at the solar wind velocity and is observed as
intensity scintillations (Figure 8). Therefore, the intensity scintillation spectrum reflects the

spatial structure of the coronal plasma and the solar wind velocity (e.g., Scott et al. 1983).
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Figure 8. Schematic of the intensity scintillation observation.

The solar wind is thought to involve well-developed turbulence presumably generated by
Alfven waves (e.g., Cranmer et al. 2007; Shoda et al. 2018). Then the spatial spectrum of the
plasma density is expected to approximately follow the Kolmogorov power law in the inertial
subrange. The turbulence dissipates at the inner scale where the kinetic energy is converted
to heat. Because of the rapid increase in the plasma density with decreasing the distance to
the Sun, the effect of the medium on the radio wave is represented by a thin phase
modulator that is located at the point of closest approach to the Sun. Under these
assumptions and the weak scattering approximation, the intensity scintillation spectrum is

expressed as (Coles and Harmon 1978; Scott et al. 1983)

12
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where V is the flow speed, f is the frequency of the received radio wave, A is the
wavelength of the received radio wave, r, is classical electron radius, k, is the wavenumber
in the radial direction, k, is the wavenumber in the direction perpendicular to the radial

direction and the ray path, and

) Az
Fdiff =4 Sll’l2 (kzz_[) (2)

is the Fresnel propagation filter with k = \/kZ + k2. The spatial spectrum of the plasma

-a
; ka, k? _
D, =4 kZ + ARz exp <_k_§> R™* (3)

where A is a constant, AR is the axial ratio of irregularities, a is the power law index of the

density is formulated as

turbulence spectrum, and k. is the wavenumber

beyond which the turbulence begins to dissipate, which is related to the inner scale Si as

Si = 3/k. (Scott et al. 1983). The Fresnel filter is a high-pass filter that suppresses
frequency components lower than the Fresnel wavenumber ky = m/(1z)'/?, with z being
the distance from the Earth to the closest point. Because of this effect, the scintillation
spectrum shows a knee around the Fresnel frequency defined by fr =V kz/2n. (Coles and
Harmon 1978, Scott et al. 1983). The axial ratio AR indicates the ratio of the radial
extension of the density inhomogeneity; AR = 1 when the inhomogeneity is isotropic.
Though Scott et al. (1983) also considered the effect of the dispersion of the radial velocity
Von the spectrum, the effect is similar to the one by the anisotropy, and thus we did not

adopt the velocity dispersion as a fitting parameter here.

3.1. Spectral analysis

The power spectra of the intensity time series were obtained in the following manner. First,
a polynomial function was fitted to each time series, and the fitted function was removed

from the original to suppress low-frequency components. Then, the time series was divided
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into 200 subintervals with lengths of ~100 seconds. FFT was applied to the subintervals, and
the obtained power spectra were averaged to smooth out noisy structures. Since a noise floor
appears at frequencies higher than ~100 Hz (Figure 9(a)), the noise level was estimated by
calculating the mean power in the noise floor, and the estimated noise level was subtracted
from the spectrum so that the structure at the inner scale is seen more clearly (Figure 9(b)).

Resampling to have the same intervals in log scale and smoothing were also conducted after

subtracting the noise floor.

(b) After subtracting the noise floor
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Figure 9. An example of the power spectra (a) before and (b) after subtracting the noise
floor and smoothing. The data was obtained on June 1, 2016. The heliocentric distance at
the tangential point was 6.1 Rs. In Fig. 9(a), the dashed red line shows the mean power of
the noise floor, and the noise floor appear at higher frequency than ~100 Hz. In Fig. 9(b),
the solid green line shows power law part indicative of the inertial subrange, the red arrow

points to the Fresnel frequency, and the dashed black arrow points to the inner scale.

Figure 9(b) shows an example of the obtained intensity scintillation spectra after
subtracting the noise floor and smoothing. The spectrum clearly exhibits characteristic
structures. The solid red arrow points to the Fresnel knee, the solid green line shows a
power-law part with an exponent of — a indicative of the inertial subrange, and the black
dashed arrow points to the inner scale beyond which the dissipation of turbulence occurs.

Figure 10 shows all of the obtained intensity scintillation spectra. Each spectrum exhibits a

14



flattened part on the low frequency side, the Fresnel knee around 0.2-2 Hz, a power-law
part indicative of the inertial subrange, and a steepening near the high-frequency end

indicative of dissipation at the inner scale.
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Figure 10. Observed intensity scintillation spectra. Numerals are the heliocentric distance in

the unit of Rg.

By fitting the theoretical model spectrum (1) to the observed spectra, we can derive the
unknown parameters included in the model. Such a model fitting has been applied to spectra
of interplanetary scintillation (IPS) of natural radio sources (e.g., Woo and Armstrong 1981;
Scott et al. 1983; Tokumaru et al. 1991). In this study, we retrieve the following five
parameters from each spectrum: the solar wind velocity V, the power law index «, the axial
ratio AR, the wavenumber corresponding to the inner scale k., and the magnitude of the
power A. The procedure of the fitting is as follows.

First, to treat all parameters equally, we rewrite the model function so that each parameter
is normalized by its initial value in the model function. The initial values are chosen so that
the theoretical spectrum roughly matches the observed spectrum. The fitting is performed
using the Python routine scipy.optimize.basinhopping; in this routine, a local optimal

solution is found based on the initial values by using Limited-memory Broyden—Fletcher—
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Goldfarb—Shanno (L-BFGS) method, which is one of the nonlinear optimization methods,
and then a perturbation is added to the obtained optimal solution to adopt it as the new
initial values. Repeating this process, we obtain the global optimal solution that does not fall
into certain minima. The errors in the obtained parameters are estimated from the diagonal
components of the error covariance matrix, which is calculated from the first order
differential coefficient matrix near the fitting solution.

Figures 11-17 shows the results of the fitting, with the determined parameter values being
indicated in each panel. We can see that the observed spectra are successfully fitted by the
theoretical curve. The characteristic features such as the Fresnel knee, the power-law part

and the steepening at the high-frequency end are reproduced in the fitted curves.
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Figure 11. Scintillation spectrum obtained from the observation on May 30 (black) and the

model fit (orange). The obtained parameter values are also given in the panel.
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Figure 12. Scintillation spectrum obtained from the observation on June 1 (black) and the

model fit (orange). The obtained parameter values are also given in the panel.
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Figure 13. Scintillation spectrum obtained from the observation on June 3 (black) and the

model fit (orange). The obtained parameter values are also given in the panel.
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Figure 14. Scintillation spectrum obtained from the observation on June 10 (black) and the

model fit (orange). The obtained parameter values are also given in the panel.
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Figure 15. Scintillation spectrum obtained from the observation on June 11 (black) and the

model fit (orange). The obtained parameter values are also given in the panel.
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Figure 16. Scintillation spectrum obtained from the observation on June 13 (black) and the

model fit (orange). The obtained parameter values are also given in the panel.
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Figure 17. Scintillation spectrum obtained from the observation on June 15 (black) and the

model fit (orange). The obtained parameter values are also given in the panel.
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3.2. Radial distributions of physical quantities

Figure 18 shows the radial distributions of the parameters obtained by parameter fitting.
Filled circles show observations on the western side and crosses show observations on the
eastern side. The observations near the coronal hole (Fig. 7) are also indicated. The solar
wind velocity (Fig. 18(a)) increases with distance on the eastern side where the influence of
the coronal hole is absent. The shaded area indicates the solar wind velocity obtained by
Akatsuki's radio occultation observations in 2011 (Imamura et al. 2014). In 2011
observations, they measured the solar wind originating from closed loops in quiet-Sun. From
the comparison of the observations in 2011 and 2016, we can see that the velocities in 2016
are faster than those in 2011 even if both of them probed regions above closed loops. The
velocities near the coronal hole indicated by red circles on the western side are faster than
those on the eastern side at similar distances. This suggests that these observations detected
streams from the coronal hole. The power-law exponents (Fig. 18(b)) are generally smaller
than the Kolmogorov law's value of —11/3, implying that the turbulence of the solar wind is
not ideal turbulence. The axial ratio (Fig. 18(c)) is generally large, but a particular trend is
hardly seen due to the large error. The inner scale (Fig. 18(d)) increases with distance and
shows larger values in the streams that are thought to be originated from the coronal hole

than in the other regions.
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Figure 18. Radial distributions of the estimated parameters: (a) solar wind velocity, (b)

2 4 6 8
Heliocentric distance (Rg)
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power law exponent, (c) axial ratio, and (d) inner scale. Filled circles and crosses indicate

observations on the western and eastern sides, respectively. Red open squares indicate the

observations near the coronal hole on June 1 and June 3. The shaded area in Fig. 18(a)
indicates the solar wind velocities in closed-loop regions obtained by Akatsuki's radio

occultation observations in 2011 (Imamura et al. 2014).

3.3. Comparison of theoretical models of the dissipation scale

When energy is injected into turbulence at a large scale, it is transferred to smaller scales
through the nonlinearity of the fluid. At a particular small scale, the plasma can no longer

maintain its properties as a fluid, and the kinetic energy of plasma is converted to heat. This
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transition scale where particle motions become important and turbulence dissipates is called
"inner scale". There are models about the inner scale in the solar wind.

Here we compare the observations with two theoretical models: the inertial length model
and the proton gyroradius model. The proton inertial length model relates the inner scale to
the cyclotron damping of electromagnetic waves due to fluid motions at the Alfvén velocity.
This model expresses the inner scale by using the plasma density of the corona (Coles and
Harmon 1989; Yamauchi et al. 1998):

% 1
s; = 3—2 =684—— km (4)

W \/ﬁe

where V, is the Alfvén velocity and w, is the proton cyclotron frequency, N, is the plasma
density in unit of cm™3. According to this model, the inner scale is larger for lower densities.
On the other hand, the proton gyroradius model relates the inner scale to the gyroradius of

the proton moving at the thermal velocity. Then the inner scale is given by

s; = ”:l;h = 1023 Gl cm (5)
where u is the ratio of the mass of an ion to mass of a proton (taken to be 1 in this
situation), e is the elementary charge, T; is the proton temperature in eV, and B is the
magnetic field in G. According to this model, the higher temperature of the solar wind or the
weaker background magnetic field, the larger the inner scale.

In our results, the inner scale generally increases with distance. Similar trends have been
reported by Coles and Harmon (1989), Yamauchi et al. (1998) and Raja et al. (2019). Such a
tendency is qualitatively consistent with both of the inertial length model and the proton
gyroradius model since N, and B decrease with distance.

The observations near the coronal hole exhibit lager inner scales than other observations at
similar distances. Yamauchi et al. (1998) showed, based on IPS observations, that the inner
scale is similar between the slow wind and the fast wind at distances of >20 Rg; the
difference at closer distances has not been observed. Considering that the fast wind
originating from the coronal hole is thought to have lower densities and stronger magnetic
fields than other regions (Altschuler et al.1972), our results are qualitatively consistent with
the proton inertial length model and conflict with the gyroradius model.

Figure 19 compares the observed inner scales and the theoretical models (4) and (5). The

plasma density used in the computation is represented by the empirical model proposed by
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Pitzold et al. (1987):

579 1.6 9.2x1073
Ne=\metret—r

> x 108 cm™3 (6)

The ion temperature is set to 10° K and the magnetic field is represented by Dulk and
McLean's (1978) empirical model for the distances of 1.02-10 Rg:

B(R)=05(R-1)"1G (7)

As we can see in Fig. 19, the estimated inner scales are closer to the inertial length model
than the proton gyroradius model, about one order of magnitude larger than the proton
gyroradius model. Raja et al. (2019) argued, based on interferometric observations using
natural radio sources, that observed inner scales are consistent with the proton gyroradius
model. In contrast to our estimates of several kilometers around 2-8 Rg, the values derived
by Raja et al. (2019) are less than 1 km at 10-20 Rg with an exceptionally large value of

13.5 km at 2.2 Rg. It is quite different from our results, but the reason is not unclear.
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Figure 19. Comparison between the observed inner scales and theoretical models. The plots

of the observed data are the same as in Figure 18. The dashed line represents the inertial

length model, and the solid line represents the gyroradius model.
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4. Phase/frequency fluctuation

4.1. Phase fluctuation spectra

The phase fluctuation of the received radio wave represents the density fluctuation along the
ray path caused by turbulence and waves in the solar wind (Figure 20). The phase shift §¢

due to the density fluctuation is related to the column density fluctuation 8N, as
a
8¢ =— 6N, (8)

where ¢ is the speed of light, @ = e?/8n?%¢ym, ~40.3 m®s? with g, being the dielectric
constant of the vacuum, and m, being the electron mass. Because of this relationship and
the turbulent nature of the density inhomogeneity, the power spectrum of the phase
fluctuation exhibits a power law part representing turbulence and the inflection at the inner
scale (e.g., Woo and Armstrong 1979; Coles et al. 1991; Pitzold et al. 1996; Imamura et al.
2005).
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Figure 20. An illustration of the phase scintillation observation.

In this section, we derived power spectra of phase fluctuations of the radio waves and
compared the shape of the power spectrum with distance by the same procedure of the
derivation of the intensity power spectrum.

Figure 21 shows the power spectra of the phase fluctuation for all observations. Each

spectrum is the average of the spectra of ~2000 s subintervals in the whole time series. The
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noise floor was estimated from the level near the high-frequency end and subtracted from
the spectrum similarly to the scintillation spectra. Fig. 21a and Fig. 21b are for the
observations on the western side and the eastern side, respectively. On both sides, each
spectrum follows a single power law in the frequency range 0.1-10 Hz at distances closer
than ~4 R, suggesting that turbulence dominates in the density fluctuation. On the other
hand, at distances beyond ~6 R;, the power law exponent changes around 0.5-2 Hz (arrows
in Fig. 21). This can be interpreted as the presence of an excess power in addition to
turbulence on the low-frequency side. Acoustic waves, that are observed as quasi-periodic
components (QPCs) (Efimov et al. 2010, 2012; Miyamoto et al. 2014), might be responsible
for the excess power. We will investigate the characteristics of such wave disturbances using

the same data set in the next section.
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Figure 21. Observed phase scintillation spectra on a) the western side and b) the eastern
side. Beyond ~6 Rg, the power spectrum cannot be represented by a single power law.

Arrows point to the inflections where the power law exponent changes.

4.2. Quasi-periodic density fluctuations

As Efimov et al. (2010, 2012) and Miyamoto et al. (2014) demonstrated, quasi-periodic

density fluctuations that traverse the ray path can be observed as the variations in the
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frequency/phase of the received signal. Such quasi-periodic fluctuations are interpreted as
acoustic waves. To study the characteristic of localized wave packets, we applied wavelet
analysis to the frequency time series and quantified the amplitude, the period, and the
coherence time of each wave event. The density amplitude and the energy flux are also
estimated following the method of Miyamoto et al. (2014).

First, we remove low-frequency components by fitting a third-order polynomial to each
frequency time series and subtracting it from the original. Then wavelet power spectra were
obtained by using the wavelet transform routine in the Python-based PyCWT ecosystem,
which is based on Torrence and Compo (1998). The Morlet function was used as the wavelet
basis function. Figure 22 shows the shape of the Morlet function (Torrence and Compo 1998),
and its shape represents a wave packet. We used the frequency time series data normalized by

standard deviation for wavelet analysis.
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Figure 22. Shape of the Morlet function. The plot on the left gives the real part (solid) and
the imaginary part (dashed) in the time domain, where t is the time and s is the wavelet
scale. The plot on the right gives the wavelet in the frequency domain, where w is the

frequency (Torrence and Compo 1998).

Figures 23-33 show the frequency time series after subtracting the low-frequency
components and the obtained wavelet power spectrum for each observation. We detected
spectral peaks enclosed by the 95% confidence level, which is indicated by black lines, and
identified them as wave packets. Approximately half of the wave packets fell outside the

cone of influence (COI), which is the region where the effect of the discontinuity at the
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edge of the time series becomes significant, were used in the later analyses. The length of
each wave event, i.e., the coherence time (Miyamoto et al. 2014), was taken to be the
duration in which the power continues to exceed the 95% confidence level. The frequency
of the peak power is regarded as the frequency of the wave. Furthermore, we excluded wave
packets which have shorter coherence times than their respective periods since they can
result from noise.

We detected about ten wave packets in each observation regardless of the heliocentric
distance. Most of the wave packets have periods ranging 1-1000 s. The typical periods of the
QPCs measured by the radio occultation observations by Ulysses, Galileo, Mars Express,
Venus Express, and Rosetta spacecraft were about >170 s at distances of 3-10 Rg, and
periods of the wave packets detected by Miyamoto et al. (2014) were 100-2000 s. Our

results are similar to these previous results.
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Figure 23. (a) Time series of the frequency fluctuation and (b) the wavelet power spectrum.
The data was obtained on May 30, 2016. The heliocentric distance at the tangential point
was 8.1 Rg. The wavelet power is normalized by the variance of the time series. The shaded
region is the cone of influence (COI), which is the region where the effect of the
discontinuity at the edge of the time series becomes significant. The black lines indicate the

959% confidence level.
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Figure 24. Same as Fig. 23, but for the data was obtained on June 1, 2016. The heliocentric

distance at the tangential point was 6.1 Rg.
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Figure 25. Same as Fig. 23, but for the data was obtained on June 3, 2016. The heliocentric

distance at the tangential point was 4.0 Rg.
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Figure 26. Same as Fig. 23, but for the data was obtained on June 4, 2016. The heliocentric

distance at the tangential point was 2.9 Rg.
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Figure 27. Same as Fig. 23, but for the data was obtained on June 5, 2016. The heliocentric

distance at the tangential point was 1.9 Rg.
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Figure 28. Same as Fig. 23, but for the data was obtained on June 8, 2016. The heliocentric

distance at the tangential point was 1.2 Rg.

2.3 Rs East
5 a) Frequency time series

N
z
> 0+
v
=
$
g o
1]
b
w

R R R R

0 2500 5000 7500 10000 12500 15000 17500
Time (s)
104 b) Wavelet spectrum

Period (s)

102 4

T T T T T T T T T e
0 2500 5000 7500 10000 12500 15000 17500
Time (s)

Figure 29. Same as Fig. 23, but for the data was obtained on June 9, 2016. The heliocentric

distance at the tangential point was 2.3 Rg.
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Figure 30. Same as Fig. 23, but for the data was obtained on June 10, 2016. The heliocentric

distance at the tangential point was 3.2 Rg.
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Figure 31. Same as Fig. 23, but for the data was obtained on June 11, 2016. The heliocentric

distance at the tangential point was 4.2 Rg.
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Figure 32. Same as Fig. 23, but for the data was obtained on June 13, 2016. The heliocentric

distance at the tangential point was 6.4 Rg.
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Figure 33. Same as Fig. 23, but for the data was obtained on June 15, 2016. The heliocentric

distance at the tangential point was 8.5 Rg.
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4.3. Density fluctuation and acoustic wave energy flux

We estimated the frequency amplitude of each detected wave packet ' from the peak
value of the spectral density P and the full-width at half maximum B in the frequency
following the method of Miyamoto et al. (2014):

f'=2PB 9

The frequency perturbation &f is related to the fluctuation of the electron column density

integrated along the path of the radio wave, N, as (Imamura et al. 2010)

a dN

5 = Far (10)

where t is the time. Suppose that N oscillates at a period T, the relationship between the
amplitude of the frequency fluctuation f’ and that of N, N’, is given by (Miyamoto et al.
2014)

_ 2na

= cf_TN, 11)

f
Using this relationship, we can estimate N’ from the observed f’. It should be noted that
N’ is an integral quantity along the ray path and that the density fluctuation associated with
the wave packet occupies a small fraction along the ray path. The quantity that is directly
related to the wave characteristics is not N’ but the local density amplitude n'. Following
Miyamoto et al. (2014), we assume the size of the density fluctuation along the ray path is
the same as the length of the wave packet in the radial direction, which given by T, (v +
V), where T,,, is the coherence time of the wave event, v, is the sound speed. Then n’ is

obtained as

Nl
n=o0—— (12)
Tcoh(vs + V)

Here, assuming the temperature of T; ~ 10° K, the sound speed is calculated as v, =

VvkgT;/u km/s ~160 km/s with y being the aideabatic index, and ky being the Boltzman

constant. V and T,,, are taken from our analysis.
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The left panel of Figure 34 shows the column density amplitudes of the detected wave
packets along the heliocentric distance, and the right panel shows the electron density
amplitudes. Both amplitudes decrease with distance. At each distance, waves with longer
periods tend to have larger amplitudes; this tendency is more pronounced in the column
density than in the local density.

Both amplitudes in the fast solar wind originating from the coronal hole around 4 Rg and 6
Rs also tend to surpass those from other regions at similar distances, although the difference

at ~6 Rg is not large.
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Figure 34. Radial distributions of (left) the electron column density amplitude and (right)
the electron density amplitude of the detected wave packets. Black symbols show
observations on the western side of the sun and blue symbols show observations on the
eastern side. Filled circles indicate periods shorter than 200 s, crosses indicate periods of
200-1000 s, and triangles indicate periods longer than 1000 s. The red squared regions
represent the observations which measured the fast solar wind originating from the coronal
hole.
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Next, we derive the amplitude of the fractional density fluctuation n’/n, as an indication
of the nonlinearity of compressive waves. When n’/n, is close to 1, nonlinearity becomes
important and the wave can break through the generation of a shock wave. We adopt the
empirical model (6) proposed by Pitzold et al. (1987) for the radial variation of the
background electron density n,. This model is for solar maximum, and thus it is relevant to
the slow wind.

Figure 35 shows the radial distribution of the fractional density amplitude. The amplitude
generally increases with distance, becomes maximal around ~6 Rg, and decays beyond 6 Rg.
The tendency to take the maximum around 6 Rg appeared also in Akatsuki's radio
occultation in 2011 (Miyamoto et al. 2014). We can also see fractional density fluctuations
are more than 10% around ~6 Rg. If we take the typical amplitude of 10% as it is, it is
unlikely that acoustic waves break and generate shock waves. However, considering that
there are wave packets with fractional density amplitudes of more than 40-50% around ~6
Rs and that the procedure of the derivation include various assumptions, it is reasonable
that a fraction of waves reaches large amplitudes leading to shock formation and breaking
around ~6 Rg.

The fractional density amplitudes in the fast solar wind originating from the coronal hole
around 4 Rg tend to surpass those from other regions at similar distances, though the
difference is not large. We should note, however, that we have used the same background
density model both for the fast wind and the slow wind. Considering that the fast wind can
have densities an order of magnitude lower than the slow wind (Altschuler et al.1972;
Yamauchi et al. 1998), the fractional density amplitudes in the fast wind may have been
underestimated, and thus the difference between the fast and slow wind may be more
pronounced.

The enhancement of the fractional density fluctuation around 6 Rg might explain the
change in the power-law characteristics of the phase fluctuation spectrum in this region
shown in Fig. 21. The spectrum can be expressed by a single power law below ~6 Rg where
turbulence dominates, while the excess power due to acoustic waves below the frequency of
0.5-2 Hz causes the bending structure of the phase fluctuation spectrum beyond ~6 Rg.
Since the majority of the waves have frequencies lower than 1072 Hz, the steeper power

law on the low frequency side is consistent with the effect of acoustic waves.
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Figure 35. Radial distribution of the fractional density amplitude. The definitions of the

symbols are the same as Fig. 34.

Next, assuming that the observed waves are acoustic waves, we estimate the modified wave
energy fluxes S, defined as (Jacques 1997; Suzuki and Inutsuka 2005; Miyamoto et al.
2014):

2 (s +V)? r2g(r)
2 r2g(r,)

(13)

S¢c = myngv

where m,, is the proton mass, v’ is the velocity amplitude of the acoustic wave, which is
estimates as v’ = vgn'/ny, g(r) is a function for the superradial expansion of the flux tube
(Kopp and Holzer 1976; Suzuki and Inutsuka 2005), and 7, = 1.02 Ry is the distance for
normalization. Under the condition that no waves are generated and dissipate in the
expanding atmosphere, S, is an adiabatic constant. Since g(r) takes into account the rapid
expansion below ~1.2 Rg and remains unity above ~1.2 Rg, the choice of the superradial
expansion factor does not influence the relative radial dependence of the result covering
1.36-9.0 Rs.
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Figure 36. Radial distribution of the wave energy flux. The definitions of the symbols are the

same as Fig. 34.

Figure 36 shows the radial distributions of the wave energy flux. The energy flux increases
with distance up to ~6 Rg and decays beyond ~6 Rg both on the western and eastern sides.
This trend also appeared in the Akatsuki's radio occultation in 2011 (Miyamoto et al. 2014,
see Figure 5). If there is no energy injection from the coronal base to the outer corona, the
energy flux would not increase with distance. Therefore, this result shows the energy is
injected in the outer corona, such as ~6 Rg.

As the periods of the acoustic waves detected by our analysis exceed the acoustic cut-off
period in the transition region of 150 s (Erdélyi et al. 2007), these waves cannot have

propagated from the photosphere. For these reasons, the radial distributions of the
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fractional density amplitude and the wave energy flux imply that Alfvén waves propagating
from the photosphere generate acoustic waves in the outer corona and that the generated
acoustic waves dissipate to heat the corona as with the result of Miyamoto et al. (2014). We
can see the same tendency in both ascending phase (year 2016) and descending phase (year
2016). The maximum energy flux at each distance is also comparable to that in the
observation in 2011 (Miyamoto et al. 2014).

The energy fluxes in the fast solar wind originating from the coronal hole around 4 Rg and
6 Rg tend to surpass those from other regions at similar distances, although the difference
at ~6 Rg is not large. Considering fast winds have lower density than slow winds
(Altschuler et al.1972), the actual energy fluxes in the fast solar wind originating from the
coronal hole around 4 Rg and 6 Rg might be larger. This suggests that the fast solar wind
originating from the coronal hole is powered by a larger injection of wave energy than the

slow wind originating from other regions.
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5. Conclusions

Radio occultation observations of the solar corona were conducted by using JAXA's Venus
orbiter Akatsuki in 2016. During the observation campaign, the ray path of the radio wave
transmitted from Akatsuki crossed both relatively fast winds that will originate from a
coronal hole and slow winds from other regions. We have analyzed the time series of the
intensity and the phase/frequency of the received radio wave, both of which were derived
from the recorded open-loop (voltage time series) data. The results were interpreted in an
integrated manner.

Physical parameters (flow velocity, power-law exponent, axial ratio, inner scale, and the
magnitude of the power) were retrieved from the intensity scintillation time series by fitting
a theoretical spectrum to the observed power spectra. The radial distribution of the derived
solar wind velocity clearly showed a difference between the two types of the solar wind (Fig.
18(a)). We also found that the inner scale increases with the heliocentric distance and that
the fast solar wind has larger inner scales than the slow solar wind (Fig. 18(b)). This
behavior is consistent with the inertial length model both qualitatively and quantitatively, as
in Coles and Harmon (1989) and Yamauchi et al. (1998).

We applied wavelet analysis to the frequency time series to detect quasi-periodic
fluctuations, that are thought to represent acoustic waves, and quantify the amplitude, the
period, and the coherence time of each wave event. The density amplitude and the wave
energy flux were also estimated following the method of Miyamoto et al. (2014). We
confirmed that the fractional density amplitude increases with distance up to ~6 Rg, then it
decays beyond ~6 Rg (Fig. 35). The amplitude reaches tens of percent, suggesting a
possibility of wave breaking. The energy flux also increases with distance up to ~6 Rg
suggesting local generation of waves, then it decays beyond ~6 Rg (Fig. 36). This tendency,
seen in the descending phase of the solar activity cycle (year 2016), is the same as the one
seen in the ascending phase in 2011 (Miyamoto e al. 2014). As the periods of acoustic waves
detected by our analysis exceed the acoustic cut-off period of the transition region of 150 s,
these waves cannot propagate from the photosphere. Therefore, it is probable that the radial
distributions of the fractional density amplitude and the energy flux indicate that the Alfvén
waves propagating from the photosphere generate acoustic waves in the outer corona, and
the generated acoustic waves dissipate to heat the corona, as suggested by Miyamoto et al.
(2014).

The phase scintillation spectrum can be expressed by a single power law below ~6 Rg

where turbulence dominates, while it cannot be expressed by a single power law and a
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bending is seen around the frequency of 0.5-2 Hz beyond ~6 Rg, suggesting an excess
power at lower frequencies (Fig. 21). The enhancement of the fractional density amplitude
around 6 Rg (Fig.35) might explain such a change in the power-law characteristics of the
phase fluctuation spectrum in this region since the majority of the waves have frequencies
lower than 1072 Hz.

Furthermore, the energy fluxes in the fast solar wind originating from the coronal hole
around 4 Rg and 6 Rg tend to surpass those from other regions at similar distances,
although the difference at ~6 Rg is not large. Considering that fast winds have lower
densities than slow winds (Altschuler et al. 1972), the actual energy fluxes in the fast solar
wind will be larger, and thus the difference between the fast and slow wind may be more
pronounced. The results suggest that the fast solar wind originating from the coronal hole is
powered by a larger injection of wave energy than the slow wind originating from other
regions. The use of different background plasma density models for the fast and slow winds
is left for future studies.

In this paper, we only used the data obtained in 2016, which is in a descending phase of the
solar activity. Akatsuki has conducted similar observations in various solar activity phases
covering from the minimum to the maximum. Comprehensive data processing as conducted
in this study should be repeated for other data sets to reveal the dependences on the solar

activity.
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