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Abstract

We present an analysis of interplanetary scintillation (IPS) observations conducted with the
Arecibo 305-m radio telescope during the minimum phase at the end of solar cycle 24 and
the onset of solar cycle 25. These observations span a broad frequency range of ~300 to
3100 MHz, encompassing the P-; L-; and S-bands, and covered heliocentric distances from
~b5 to 200 solar radii. Each L-band observation provided simultaneous measurements across a
bandwidth of approximately 600 MHz. Furthermore, whenever feasible, the near-simultaneous
measurements of a source acquired across all three frequency bands were useful to study the
scintillation characteristics over a much wider frequency band along the same line of sight
through the heliosphere. The dynamic spectrum of the scintillations obtained at L-band shows
a systematic decrease in the scintillation index from the lowest to the highest frequency, offering
valuable insight into the influence of the solar wind density microstructures responsible for
scintillation. Analyses of the scintillation index (m) for multiple sources at L-band, along with
near-simultaneous observations of selected sources covering the P-, L-, and S-bands, clearly
demonstrate a wavelength dependence of m o A“, which inherently leads to a dependence
of m on the Fresnel scale, when considering the effective distance to the scattering screen, z.
The index w ranges between ~1 and 1.8. The average w value of a source, determined from
observations made on different days (i.e., at a range of solar offsets to mitigate the influence
of possible day-to-day variations in solar-wind turbulence) exhibits variability across sources.
The results on the radial dependence of scintillation agree with earlier IPS measurements. The
temporal power spectra obtained over the wide frequency range exhibit a power-level evolution
in accordance with the wavelength dependence, and a broadening with increasing observation
frequency. Furthermore, the increased temporal-frequency rounding of the ‘Fresnel knee’ in the
spectrum with the observing frequency suggests a novel phenomenon: an increase in anisotropy
as the scale size of the density-turbulence structure decreases.
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1. Introduction

The remote-sensing technique of ‘interplanetary scintillation’ (IPS) is a powerful tool for probing
the solar wind over a wide range of heliocentric distances, from near the Sun out to the
Earth’s orbit, and both within and away from the ecliptic plane — regions often inaccessible
to space missions (e.g., Hewish, Scott, and Wills 1964; Coles 1978; Kojima and Kakinuma
1987; Manoharan and Ananthakrishnan 1990; Manoharan 1993; Shishov et al. 2010). IPS also
offers a simple method to identify compact sub-arcsecond structures in radio sources (e.g.,
Little and Hewish 1966; Salpeter 1967; Rao, Bhandari, and Ananthakrishnan 1974; Readhead,
Kemp, and Hewish 1978; Manoharan 2009; Morgan et al. 2019). Routine IPS observations at
327 MHz have been conducted over three solar cycles using the multi-antenna system at the
Institute for Space-Earth Environmental Research, Nagoya University (Kojima and Kakinuma
1990; Tokumaru, Kojima, and Fujiki 2012), and the large-steerable Ooty Radio Telescope at
the Radio Astronomy Centre of the National Centre for Radio Astrophysics, Tata Institute of
Fundamental Research (Swarup et al. 1971; Manoharan 1993; Manoharan 2012). The Mexican
Array Radio Telescope (MEXART) operates as a dedicated transit IPS telescope at a central
frequency of 140 MHz (Gonzalez-Esparza et al. 2022), while the Big Scanning Array of the
Lebedev Physical Institute regularly monitors IPS at 111 MHz (Chashei et al. 2023). These
systems, operating within the frequency range of approximately ~110 — 327 MHz, constitute the
Worldwide IPS Stations (WIPSS) network (Bisi et al. 2021), which aims to provide standardized
IPS data for tomographic reconstruction of the solar wind (e.g., Manoharan 2010; Jackson et al.
2020) to support and improve space-weather science and forecasting capabilities.

Recently, astronomical facilities operating between 50 and 250 MHz, such as the Low Fre-
quency Array (LOFAR) (Fallows et al. 2013) and the Murchison Widefield Array (MWA) at the
Murchison Radio Observatory (Kaplan et al. 2015), have also been employed for IPS-science-
based studies. Additionally, IPS observations with the MWA telescope have been extensively
used to identify and survey compact components in radio sources (Chhetri et al. 2018).

Numerous IPS studies conducted with various radio telescopes at different frequencies have
provided significant insights into the large-scale structure and long-term variations of the so-
lar wind, offering valuable contributions to solar physics, particularly in understanding inner
heliospheric processes and space weather phenomena such as coronal mass ejections (CMEs),
solar wind interaction regions, and intense interplanetary shock waves that can cause severe
geomagnetic storms and disrupt critical ground- and space-based technologies (e.g., Bourgois
et al. 1985; Gapper et al. 1982; Kojima and Kakinuma 1987; Asai et al. 1998; Yamauchi et al.
1998; Manoharan 2006; Breen et al. 2006; Bisi et al. 2010; Fallows et al. 2013; Kaplan et al.
2015; Baron et al. 2024; Chashei et al. 2023). Some IPS results have also been validated with
in-situ solar wind measurements (e.g., Coles et al. 1978; Hayashi et al. 2003; Bisi et al. 2009;
Manoharan 2012). IPS findings have contributed to the development of models predicting the
propagation of space weather phenomena (e.g., Manoharan et al. 1995; Manoharan 2006; Vrsnak
et al. 2013; Iwai et al. 2023).

Moreover, IPS observations provide insight into the spatial spectrum of solar wind electron
density fluctuations at scales comparable to the diffraction scale (i.e., the first Fresnel zone ra-
dius). To comprehensively understand the physical processes underlying density turbulence over
different Fresnel scales, multi-frequency measurements, especially simultaneous observations,
are essential. This paper presents IPS observations of many radio sources from the Arecibo 305-
meter radio telescope in three frequency bands: P band (302 — 352 MHz), L-band Wide (1125 —
1735 MHz), and S-band Wide (2700 — 3100 MHz). These bands cover diffraction scales ranging
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from ~100 to 400 km as functions of heliocentric distance. The paper is structured as follows.
Section 2 briefly describes the Arecibo system used for IPS and data analysis procedures. Section
3 presents a theoretical overview relevant to multi-frequency IPS observations. Sections 4 and
5 present the evolution of scintillation within the inner heliosphere during the initial minimum
phase of solar cycle 25. Section 6 analyzes the temporal-frequency spectrum and addresses the
anisotropy of solar wind density structures. Section 7 summarizes the key findings.

2. Arecibo IPS Observations and Data Analysis

IPS observations reported in this study were taken with the Arecibo 305-m Radio Telescope
during the end of solar cycle 24 (August—-October 2019) and the start of solar cycle 25 (March—
August 2020), encompassing the minimum phases of both cycles. Due to limited observation
time in 2019, during the end phase of solar cycle 24, the number of observed sources was limited.
However, due to COVID-19 restrictions, the telescope time was available in 2020, and frequent
observations were possible, with more than ten sources observed daily. The sources were selected
from the Ooty IPS list, with scintillating flux densities of AS > 1 Jy at 327 MHz (Manoharan
2009; Manoharan 2012). These observations covered solar elongations (g) in the range of ~1°
~ 70°, corresponding to heliocentric distances of ~5 — 200 R, (1 solar radius, Rs = 6.96x10°
km and 1 AU = 215 Rg). Several observations out of the ecliptic probed the high heliographic
latitude solar wind (see Figure 1).

The Arecibo radio telescope operated over a wide frequency range, from 300 MHz to 10
GHz, (a wavelength range of A ~ 1 m to 3 c¢m). This study presents IPS observations using
three receivers: P band (302 — 352 MHz), L-band Wide (1125 — 1735 MHz), and S-band Wide
(2700 — 3100 MHz). All three systems had similar high gains of ~10 K Jy~! (Altschuler and
Salter 2013; Manoharan et al. 2022). The Arecibo telescope covered a declination range of —1°
to +38°, allowing observations of the inner heliosphere, i.e., near-Sun region, out to 1 AU, for
over six months per year, including the entire summer solstice in the northern hemisphere and
part of the winter solstice. The telescope provided a maximum tracking time of 2.75 hours at
a declination of about +20°. The tracking time decreased on either side of this declination
(Altschuler and Salter 2013).

Each source was observed for three minutes, centered within the tracking span for the source’s
declination, thus avoiding the edges of the tracking limits. Immediately afterward, the telescope
pointing was shifted east of the source in right ascension to observe an off-source region for an
additional three minutes. This approach ensured that an identical part of the dish surface was
tracked during both the on-source and off-source scans, helping to account for any systematic
gain variations in the system. The source deflection was determined by calculating the difference
between the mean levels of the on-source and off-source observations.

Each day, several sources were observed, and multiple days of observations of these sources
sampled various regions of the inner heliosphere. Approximately 1230 on-source scans were
observed using the P-, L-, and S-band systems. However, nearly 75% of the scans were taken with
the L-band system, covering a range of heliocentric distances from ~5 to 150 Rg. About 20%
of the scans were taken with the P-band system, focusing on heliocentric distances farther from
the Sun, i.e., >40 Rg. The remaining 5% of scans were taken with the S-band system, covering
distances within ~75 R of the Sun. The lower percentage of P- and S-band observations
was primarily due to the planned prolonged maintenance in the earlier part of the observing
program.

Each L-band observation, covering a broad bandwidth of ~600 MHz, has been valuable
for studying scintillation variations with observing frequency. Additionally, selected sources
were observed quasi-simultaneously, covering the three bands within a 30-minute window and
providing insights into scintillation dependence over this wide frequency range, at varying
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distances from the Sun, and for sources with different angular sizes. The high sensitivity of
the Arecibo telescope enabled the detection of even weak scintillating flux densities.

The data were recorded using the single-pixel mode of the FPGA-based Mock spectrometer
system (see https://naic.nrao.edu/arecibo/phil/hardware/pdev/pdev.html; Manoharan et al.
2022). The Mock spectrometer consists of seven boxes, each handling an 80-MHz bandwidth.
For the P-band observations, a single Mock spectrometer box was used to record a 53.3-MHz
bandwidth of dual-polarization data centered at 327 MHz, with each polarization divided into
1024 channels and an integration time of 2 ms. For the L and S bands, seven and four Mock boxes
were utilized, respectively, with each box processing an 80-MHz bandwidth of dual-polarization
data. Each 80-MHz bandwidth was further split into 2048 channels per polarization. As at P
band, the S-band data were sampled at 2 ms. However, the L band sampling was increased to
1 ms to prevent aliasing due to radio frequency interference (RFI), likely originating from local
radar systems.

The bandpass correction was applied to every 10-s block of data (see https://naic.nrao.edu/
arecibo/phil/masdoc.html). Data from each L- and S-band Mock box were further split into
8x10-MHz subbands, with 256 channels in each. Individual bad channels within a subband were
identified by high transient rms values (>30) and flagged. For each subband, the frequency-
averaged spectral densities over the remaining good channels were then obtained, resulting
in 180-s total-power time series of 56x10 MHz and 32x10 MHz subbands of data for the L
and S bands, respectively. For the P-band observations, total-power time series for 5x10 MHz
subbands, each including 256 channels, were similarly computed. The same procedures were
repeated for the off-source scan data at all frequencies.

In the observed total-power time series of each 10-MHz subband, any slow variations at
frequencies lower than 0.1 Hz were removed by subtracting running averages of 10-s duration.
This running-average subtraction is useful to remove any gradual changes in the system gain and
the response of the gradually drifting ‘screen’ close to the observing plane (e.g., the ionosphere
layer). The temporal power spectrum for each subband was calculated by Fourier transforming
the 30-s data blocks, separately for each polarization. The averaged temporal spectrum of two
polarizations was then used for further analysis (e.g., Manoharan et al. 2022).

3. IPS Observations and Solar Wind Studies

The IPS phenomenon arises when the radiation from a distant compact source (e.g., a radio
galaxy or quasar) passes through the solar wind’s density irregularities (dn.). For a sufficiently
small source size (angular size, ©® < 400 mas), these irregularities are illuminated coherently,
causing scattered radio waves to interfere and create a random diffraction pattern on the ground.
The radial flow of the solar wind translates this pattern into temporal fluctuations of the source
intensity, known as IPS (e.g., Hewish, Scott, and Wills 1964; Coles 1978; Manoharan 1993).

Extensive literature exists on the theory and applications of IPS observations for solar wind
studies. Some key references include Salpeter (1967), Young (1971), Marians (1975), Rumsey
(1975), Coles (1978), Readhead, Kemp, and Hewish (1978), Shishov and Shishova (1978), Us-
cinski (1982), Hewish (1989), and Manoharan (1993). This paper provides a brief overview of
the IPS theory necessary to understand the observed multi-frequency features of solar wind
electron density fluctuations.

3.1. Background Theory — Geometry of IPS Observation
Figure 1 illustrates a simplified geometry of IPS observations. The solar elongation, ¢, is the

angle between the Sun-Earth line and the line of sight to the radio source. This angle changes
by approximately one degree per day due to the orbital motion of the Earth as the radio
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Source line of sight

Ecliptic plane

Figure 1. Geometry of IPS observations. As the heliospheric equator nearly coincides with the ecliptic plane,
the angle, «, approximates to the heliographic latitude of the ‘P’ point.

source appears to approach or recede from the Sun. IPS measurements represent the integrated
effects of the solar wind along the total line of sight. However, the solar wind contribution is
dominated by the region around the closest approach point of the line of sight, referred to as the
‘P’ point, at a distance p = sin(e) in AU (see Figure 1). This dominance occurs because of the
concentrated density turbulence, dn?(R), around the region of the ‘P’ point, as on either side
of this along the line of sight, it decreases even steeper than én?(R) o R™* (e.g., Armstrong
and Coles 1978; Manoharan 1993; Asai et al. 1998; also see subsequent sections). The results
on the radial dependence of the scintillation power obtained from this study during the initial
minimum phase of the current solar cycle are discussed in Section 5.

3.2. Scintillation Index — Radial Dependence

The IPS of a source is quantified by its scintillation index, m, which is the rms of the intensity
fluctuations normalized by the average intensity, m = {(61(t)2)}2/(I) (e.g., Hewish, Scott,
and Wills 1964; Manoharan 1993). Since the rms of intensity fluctuations is equivalent to the
square root of the integrated temporal power spectrum, the scintillation index m can also be

estimated by, m = ([ P(f) df)% J{I). P(f) is derived from the Fourier transform of the time
series of intensity fluctuations, I(t). The power level of the temporal spectrum is determined
by the scattering strength, ane (R) o< R~7, which is integrated along the line of sight. With
the scattering radial index, 3, typically ranging from 4 to 4.5 (e.g., Armstrong and Coles 1978;
Manoharan 1993; Asai et al. 1998; Manoharan 2012), the dominant contribution to scintillation
arises from the solar wind plasma layers near the point of closest solar approach along the line
of sight (see Figure 1).

The rms of intensity fluctuations, d1(¢)(R), increases as the Sun is approached. For a perfect
coherent point source, the index, m, reaches a maximum value close to unity at a heliocentric
distance, Rpeqr, and remains nearly at the same level (i.e., the saturated level) for closer
distances. The distance of the saturation onset, Rpcq, depends on the frequency of observation,
and it moves closer to the Sun with increasing frequency of observation (Marians 1975; also see
Section 5.2). For a finite source size, the index maximizes at Rpeqk, although mpeqr is always
less than unity for a source of finite angular size. The m then decreases for smaller solar offsets,
due to the incoherency of scintillation caused by the source structure. As the angular scale size
of the source increases, Mmpeqr decreases and completely vanishes, when the source’s angular
size is much greater than the Fresnel scale. The maximum value of the index, mpeqk, or the
radial-dependence of the m(R) curve, provides an estimate of the source size (e.g., Marians
1975; Manoharan 1993).

At distances R < Rpeqk, the scattering is ‘strong’. In contrast, at R > Rpcqk, the scattering
is ‘weak’, and the index m? is linearly related to én2. The ‘m — R’ curve provides the radial
dependence of the density fluctuations, dn.(R) (see Section 5).
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3.3. Model IPS Temporal Spectrum

Under weak-scattering conditions, for a thin layer of solar wind plasma located at the closest
solar approach plane perpendicular to the line of sight at a distance z from the observer, (i.e. on
the z-y plane at the ‘P’ point), the contribution to the temporal spectrum includes an integral
over the x-y plane, expressed as:

2mroA)2 [T
qunbpi——JL/’ di C2, (R) - ®sn(Res Ky 2) - Faigs (s, 2)

VEI S
'F;ource(nazaeo)a (1)

where A is the observing wavelength, r. is the classical electron radius, and « is the wavenumber
(Armstrong et al. 1990; Manoharan and Ananthakrishnan 1990). The scintillation is controlled
by the angular size of the source, Fsource (K, 2, 0,), the diffraction term, Fy; ¢ s (x, z) (Fresnel-filter
term), scaled by the radial velocity of the solar wind, V(z), perpendicular to the signal path
in the z direction and the observation wavelength A (frequency, v). The resultant temporal
spectrum, P(f), is the sum of contributions of plasma layers between the observer and the
source along the z direction, as given by:

PN = [ P 2)

bserver

The shape of the temporal spectrum reflects the spatial spectrum of intensity turbulence,
B, () oc k. The diffraction term, Fy; ;s = sin® (HQ/Hgiff) =sin® (k?\z/4r), influenced by
the observing wavelength, defines the Fresnel scale involved in scintillation. It introduces a knee-
like feature around the Fresnel wavenumber, kqirp = \/4m/Az. The corresponding temporal
frequency, fairy = V(2)kaifs/2m, shifts to higher values as the solar wind radial velocity
increases. For an isotropic distribution of density irregularities, the wavenumber « is defined as
k= (K2 + nz)%, where z and y represent the radial and perpendicular directions, respectively.

In general, the scales of solar wind density turbulence are influenced by the radial expansion
of the solar wind and the orientation of the mean magnetic field. If present, such anisotropy

2\ —/2
modifies the spectrum to ®g,,, (k) (fﬁi + Aﬁ—f{z) / , where AR is the axial ratio of the density
irregularities (e.g., Armstrong et al. 1990; Coles, Harmon, and Martin 1991; Grall et al. 1997;
Yamauchi et al. 1998). An AR value greater than one results in the rounding of the Fresnel
knee of the spectrum (e.g., Scott, Rickett, and Armstrong 1983; Manoharan, Ananthakrishnan,
and Pramesh Rao 1987; Manoharan, Kojima, and Misawa 1994). The effect of the dissipative
scale, S;, is observed as a sharp decline in power at the high-frequency end of the temporal
spectrum, exp(—+x?/k?), where x; = 3/S; represents the inner-scale cutoff (e.g., Manoharan,
Ananthakrishnan, and Pramesh Rao 1987; Coles, Harmon, and Martin 1991; Yamauchi et al.
1998); Manoharan et al. 2000; Spangler et al. 2002).

Both the observing bandwidth and the finite angular size of the source result in a decrease in
source coherence, leading to a reduction in the overall level of scintillation, m < 1 (e.g., Little
and Hewish 1966; Manoharan 1993). The Fourier transformation of the brightness distribution
of a source having a finite angular size, i.e., the visibility function of the source, exp(—r22262%)
attenuates scintillation at high wavenumbers above Ksoyrce = (z@o)_l7 where 0, is the angular
radius of the source at the e~2 level (the full width at half maximum of the source brightness
distribution, © = 2.350,) (e.g., Marians 1975; Coles 1978; Manoharan, Kojima, and Misawa
1994; Yamauchi et al. 1998). The Gaussian cutoff of the source size, 6, < y/\/z, occurring at
frequencies foource = Vsw/27m(20,), primarily affects the high-frequency portion of the temporal
spectrum. However, a source size of 6, 2 1/A/z can considerably lower the Fresnel knee of the
spectrum, resulting in reduced power of the scintillations.
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Figure 2. Scintillation dynamic spectrum of B0742+4103 observed with the Arecibo L-band system. The large
white patch between 1520 and 1580 MHz is the gap in the L-band system and other smaller gaps at lower
frequencies are due to interference.

By fitting a multi-parameter model based on Equation (2) to the observed temporal spec-
trum, it is possible to derive the typical speed of the solar wind and the power-law characteristics
of the turbulence spectrum (e.g., Manoharan and Ananthakrishnan 1990; Manoharan, Kojima,
and Misawa 1994). When the signal-to-noise ratio of the power spectrum is significant in the
high-frequency region, it can be useful for estimating the combined effect of the angular size of
the radio source and the inner-scale size of the turbulence. Conversely, if the angular size of the
source is known from the Very Long Baseline Interferometry (VLBI) observations, this spectral-
fitting approach can provide estimates of the dissipative (or inner) scale of the turbulence (e.g.,
Manoharan, Ananthakrishnan, and Pramesh Rao 1987; Manoharan, Kojima, and Misawa 1994;
Manoharan et al. 2000; Yamauchi et al. 1998).

4. Multi-frequency IPS — Results and Discussion
4.1. Frequency Dependence of Scintillation — Dynamic Spectrum

The wide frequency coverage of the IPS observations in the P-, L-, and S-bands (~300 — 3100
MHz) using the Arecibo telescope enables analysis of the frequency dependence of scintillation.
Notably, the IPS recordings in the L-band, covering a broad range of ~600 MHz, enable the
investigation of scintillation variations in 10-MHz intervals. Figure 2 shows the L-band dynamic
spectrum of IPS for the source B0742+103, observed on 12 July 2020. The solar elongation of
the source was 12°, corresponding to R ~ 45 Rg. This plot presents a 30-s time series, after
applying a 10-s running mean subtraction (i.e., 40-s data was included in the analysis). For each
frequency channel, the scintillation index was computed from the rms of a 200-sample block
(i.e., 200-ms data). The source deflection, (I), represents the difference between the mean levels
of the on-source and off-source observations over the 30-s data.

In Figure 2, a prominent feature is the systematic decrease in the scintillation from the
lower to the higher frequencies, illustrating the direct proportionality between scintillation and
wavelength. Additionally, the random temporal variability of scintillation for each frequency
band is evident along the time axis. The reduction in scintillation with increasing frequency is
consistent with dynamic spectra observed in LOFAR data and numerically simulated spectra
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Figure 3. The ‘m — X’ plots of multiple sources observed at L-band system. In each plot, m values measured
on a day across the band are plotted by a distinct color, with the corresponding best-fit line. A vertical bar
plotted at A = 29 cm on each day plot is the typical average error on the measured indices at the +1-o level.
The number of days observed for each source is given in parentheses to the right of the source name.

(Fallows et al. 2013; Coles and Filice 1984). However, such a systematic reduction was not clear
when the observation covered the weak-to-strong scattering transition (e.g., Cole, Slee, and
Hewish 1980).

The dynamic spectrum provides valuable insights into the influence of solar wind density
microstructures that generate scintillation. As outlined in the following section, the frequency
(or wavelength) dependence of scintillation is clearly revealed when examining the scintillation
index, m(\, R), for each 10-MHz channel of the Arecibo bands.

4.2. L-band System — ‘m — X\’ Plots

Figure 3 displays log-log plots of the scintillation index, m, as a function of wavelength, A, across
56 channels, each with a 10-MHz bandwidth, from the L-band system. The figure includes data
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Figure 4. Scintillation index plotted against the Fresnel scale for three very compact sources shown in Figure
3. The format and color scheme are similar to Figure 3. A vertical bar plotted at F; = 210 km on each day plot
is the average error on the measured indices at the +1-o level.

for 12 sources observed between March and August 2020. During this period, which marked
the early minimum phase of solar cycle 25, solar activity was relatively quiet. These sources
have scintillating flux densities, AS > 1 Jy, at 327 MHz (Manoharan 2009; Manoharan 2012).
The number of days of observations for each source ranged from 6 to 42, as indicated in
parentheses next to the source name. Additionally, the minimum and maximum solar offsets
for each source are shown, corresponding to the top (high m day) and the bottom (low m day)
curves, respectively. For instance, the closest solar offset observation for source 0316+162 was
at 7 R in the strong scattering region, while the maximum solar offset was 137 Rg.

In the strong scattering regime, the m— \ relationship differs from that in the weak scattering
regime, which occurs at solar offsets >15 R . Specifically, at L-band at a central wavelength
of A = 21cm (frequency, v = 1420 MHz), the scintillation index peaks around 10 — 15 Rg
(see Figure 8). Interestingly, at the solar offset of ~7 Ry, on the longer wavelength side, the
scintillation index reaches or crosses the turnover point, R,cqr, and shows a decrease (refer
to the plots of B0316+162 and B0138+136 in Figure 3). On the shorter wavelength side, the
index approaches the turnover region, and the reduction in scintillation is significantly less than
at the longer wavelengths. This wavelength dependence in the strong scattering region reveals
intriguing characteristics, offering insights into the turbulence spectrum in strong (or saturated)
scattering conditions and this will be dealt in a separate study.

The IPS observations presented in Figure 3 include a range of heliocentric distances. It reveals
that for a given source, the ‘m — X\’ curves at different distances in the weak-scattering regime
exhibit similar slopes. For each source, the average slope, w, (m o< A*) obtained at heliocentric
distances >20 Rg), is indicated. The index, w, ranges between 1.2 and 1.7. A higher index, i.e.,
a steeper ‘m — A’ curve, signifies a sharp drop in scintillation at shorter wavelengths or a steeper
increase of m at longer wavelengths. The day-to-day variation in w values observed for a given
source at different solar offsets can be primarily attributed to changes in dn..

Multi-wavelength IPS studies hold significant potential in the study of turbulence micro-scale
structures. Since scintillation phenomena are governed by the Fresnel scale, v/ Az, comparing
scintillation as a function of the Fresnel scale can provide valuable insights into the scintillation
scales at different observing wavelengths. This approach can also be beneficial for broad inter-
comparisons of IPS observations from different radio sources at various frequencies. However, in
line-of-sight integrated IPS observations, the distance to the scattering screen, z, is not a fixed
parameter. The scattering screen can involve a finite thickness and is effectively determined
by the solar wind layers located near the point of closest solar approach, the ‘P’ point (as
illustrated in Figure A.1). At smaller solar offsets, ¢ < 45°, the maximum level of scattering is
observed at z = cos(e). Considering this caveat, the m values for three sources, namely B0019-
000, BO138+136, and B0316+4162, are replotted in Figure 4, incorporating the effective z at
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Figure 5. Arecibo L-band IPS observations: The slope of ‘m — X\’ curve plotted as a function of heliocentric
distance.

the ‘P’ point for each observation. For observations at large elongations, the effective scattering
layer moves closer to the observer, with z < 1 AU. Consequently, the Fresnel scale associated
with the effective screen distance becomes smaller. However, the ‘m — X’ and ‘m — v/Az’ plots
look nearly identical, and the slopes are also basically the same when the v/\ is considered
(refer to Figure 3).

4.2.1. The L-band System — Heliocentric Distance Dependence of ‘m — X\’

The IPS observations with the Arecibo L-band system included a large number of sources in
the heliocentric distance range of ~6 — 150 Ry . Figure 5 shows the slope, w, of the ‘m — X\’
dependency plotted against the heliocentric distance. In the strong scattering regime, the slopes
are flatter than the weak-scattering curves. Whereas at distances >20 R, slope values range
between ~1 and 1.8, with an average of ~1.39+0.2, which is consistent throughout the distance
range covered. The 5- R bin-averaged points are over plotted on the same figure and are shown
as blue circles. We observe a mild peak around 80 Rg. The cause of this effect is currently
unclear and will be investigated in detail in a future study.

4.3. Three Bands — ‘m — A’ Dependence

For some of the sources, the IPS have been monitored near simultaneously, i.e., within about
30 minutes, at P-, L-, S-band systems. Figure 6 displays the ‘m — )\’ plots of four sources,
B0316+162, B0518+165, B07424-103, and B0820+225. The format of this figure is similar to
Figure 3. For the sources B0316+162 (CTA 21, a well-known compact quasar of angular size,
O =~ 30 mas) and B0518+165 (3C138, a compact quasar of size, © &~ 90 mas), the w indices
are nearly the same as L-band observations (Figure 3). In contrast, for BO742+103, the average
index obtained from the three-band observations is w,,, = 1.38, which is flatter than the
average index obtained with L-band alone, w, = 1.47. B0742+103 is a GHz-peaked spectrum
radio quasar at a high redshift of 2.624 (Kharb, Lister, and Cooper 2010). Most of its flux
density is contained in a core of size less than 60 mas. Comparison of its ‘m — R’ dependence
at the three-frequency bands suggests that the percentage of the scintillating flux at S-band
is likely higher than at P-band, and it is consistent with the flux density peaking around
2.7 GHz. This likely leads to a flatter w curve. BL Lacertae object B0820+225, located at a
redshift of 0.951, exhibits a 5 GHz flux density of 1.6 Jy. Extensive imaging observations of
this source have been made at various frequencies using the Very Long-Baseline Array (VLBA)
and VLBI, specifically in the frequency range of 1.6 — 15 GHz. Approximately 30-40% of its
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Figure 6. The ‘m — X\’ plots of four sources observed with the Arecibo P-, .-, and S-band systems. As in Figures
3 and 4, each day’s measured m values are plotted with a distinct color, along with their corresponding best-fit
line. The dotted line shown along with curves of B0742+103 is the ‘mp¢ — A’ curve of an ideal point source,
obtained from the model spectra using Equation (2), for « = 3.3, ¢ = 40°, AR =1, and Vs = 400 km s—1L.

flux density is associated with an elongated jet-like structure, measuring less than or about
30 mas (e.g., Pushkarev and Gabuzda 2001; Gabuzda, Pushkarev, and Garnich 2001). Over
300 interplanetary IPS observations were taken at 327 MHz using the Ooty Radio Telescope,
spanning a range of solar elongations across different solar cycle phases. These observations
revealed an average total flux density of approximately 4 Jy and a scintillation flux density of
around 1.2 Jy (Manoharan 2009; Manoharan 2012). The average w value of this source is flatter
than the above-mentioned sources.

For reference, model spectra at the middle of the P, L, and S bands were computed using
Equation (2) for both an ideal point source and a source with a size of 60 mas. These spectra
are displayed in Figure A.2. For the point source, an w value of 1.08 was obtained. The cor-
responding curve is displayed along with the B0742+103 data in Figure 6. The difference in
power level between the point source spectrum and the finite source size spectrum progressively
increases with decreasing wavelength (or increasing frequency). This results in an w value of
approximately 1.4 for the source size of 60 mas, which is consistent with the above results.

Earlier multi-frequency IPS studies have indicated the reduction of scintillation with fre-
quency (e.g., Gapper and Hewish 1981; Scott, Rickett, and Armstrong 1983; Coles and Filice
1984; Bourgois et al. 1985; Breen et al. 2006; Fallows et al. 2006; Liu et al. 2010; Fallows et al.
2013; Morgan et al. 2017).

The observed range of w values is consistent with the theoretically predicted dependences
of w = 1.45 and w = 1.25, obtained by Armand, Efimov, and Yakovlev (1987), respectively,
corresponding to density turbulence described by a Kolmogorov spectrum with o = 11/3 and
a less steep spectrum with o = 3. As the spectral power decreases more rapidly with increasing
temporal frequency, the value of w also tends to increase.

Spacecraft observations have shown that the spectral index, «, evolves with distance from
the Sun. In the near-Sun region (R < 16 Rg), for the density-irregularity scale sizes considered
in the present IPS observations, an average a =~ 3 has been observed. This steepens to a range
of approximately 3.3 — 3.4 at distances between ~20 and 100 Rs. At larger solar offsets, R
> 100 R, the spectral index « typically reaches a value around 3.7 (e.g., Woo and Armstrong
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Figure 7. The ‘m — R’ plot of all sources observed with the Arecibo L-band system. The solid ‘blue’ line
represents the straight-line fit to data points at distances >20 R, while the horizontal black line indicates the
average value of m, approximately 0.3, for distances <15 Rg.

1979; Yakovlev et al. 1980; Armand, Efimov, and Yakovlev 1987; Celnikier, Muschietti, and
Goldman 1987). Average w values in this study are based on observations at heliocentric
distances between 20 and 150 Rg. While the full range was considered, the most of observations
were concentrated at distances below 100 Rg . Specifically, at frequencies of L band and higher,
only compact sources produce measurable scintillation beyond 100 Rs. When day-to-day solar
wind changes are mitigated, the effect of source size on the average w cannot be disregarded.

5. Radial Dependence of Scintillation
5.1. L-band Observations

Figure 7 displays the plot of ‘m — R’ of the L-band observations for all sources observed,
covering the distance range of ~6 — 150 R,. For each source scan in a day, the mean scintillation
index has been obtained by averaging over the available 10-MHz channels. Thus, it represents
the scintillation index at the middle of the L-band, ~1420 MHz (refer to Figures 3 to 5).
The scintillation index increases as the source approaches the Sun (refer to Section 3.1). The
saturation level of scintillation, i.e., the onset of the strong scattering region, is expected at
distances <20 Rg. Since there are fewer points for smaller solar offsets, and these include
sources of different angular sizes as well as reduced level of dn? in the high-latitude coronal
hole regions, the turnover of the scintillation index is not seen clearly. For example, in high-
latitude regions, the level of scintillation at a given distance will be less than the level observed
at the same distance in the equatorial or low-latitude regions (e.g., Manoharan 1993; Imamura
et al. 2014; Coles 1996). At distances <15 R, the m values range between 0.2 and 0.6 and the
average (m = 0.3) is shown by a horizontal black line.

The least-square straight-line fit to the m values, at distances >20 Rg, provides a relation-
ship, m ~ 30 x R™!'6. This is shown as a continuous blue straight line in Figure 7. The ‘m -
R’ dependence agrees with the results obtained from the 327-MHz IPS observations, made with
the Ooty Radio Telescope, in the distance range of ~40 — 215 Ry, for the minimum phases of
solar cycles 20 to 24 (Manoharan 1993; Manoharan 2012) and other earlier IPS observations
(e.g., Armstrong and Coles 1978; Asai et al. 1998).

Solar Physics p. 12



Multi-frequency Interplanetary Scintillation Observations

T e g
~ R1E1]

% [ ]
2 m 3 L ~1.60 |
R RN e 10005 %,
£ i c : ]
~ e L Rel
> S~ L
o O N
2 o1 . 4 EZ 100k . .
c 3 g : F ]
2 327—MHz Ooty . E °
= 327—-MHz Arecibo S I
p=4 O - i -
g L—Band Arecibo N e S 10 S Band gérec.‘bo? E
3 ) AN R 14 £ L Band (Arecibo) B0316+162 ]
0.01- S—Band Arecibo 50516 16\2 L 4 g P Band (Arecibo)
F + N 1 = P Band (ORT)
C | | L M | S L PR | L L
10 100 5 10 20 50 100 200
Heliocentric Distance (Rg) Heliocentric Distance (Rg)

Figure 8. (Left) The ‘m — R’ plot of the compact source B0316+162, corresponding to the center frequencies
of Arecibo P- L-; and S-band systems for the year 2020. For comparison, m values observed at 327-MHz for the
year 2018 with the Ooty Radio Telescope (ORT) are also plotted. (Right) The scintillation indices, m, multiplied
by their corresponding observing frequencies (m - v) are plotted. In both plots, the least-square fits to the data
points in the weak-scattering region are shown as straight lines (also refer to Figure 9 (right), which shows
‘m/AY — R’ plot).

5.2. Three Bands — ‘m — R’ Dependence

Figure 8 (left) shows an example of the ‘m — R’ plots of B0316+162 (CTA 21) at the three
Arecibo bands. As mentioned above, the observations at P and S bands were limited in number,
and only a few sources were covered at all three bands. Moreover, since the Arecibo P-band
observations did not include distances in the turnover region (i.e., at the onset of strong scat-
tering), the m values of B0316+162, measured using the Ooty Radio Telescope at 327 MHz
during the declining phase of solar cycle 24 in 2018, are plotted for comparison. The Arecibo
points agree with the Ooty observations for the overlapping distance range.

The turnover of scintillation at 327 MHz is observed at ~45 Rs. Whereas at L-band, it shifts
to about 15 — 20 Ry . Since the number of observations at S-band is limited, and the turnover is
not clear, we can only say that it is at <10 Re. The least-square fitting to the weak-scattering
regions at the three bands provide an essentially identical radial dependence of m oc R,
The analytical solution of the line-of-sight integral, n?(R) oc R~ leads to a radial index
S = (2x1.6)+1, resulting in dn?(R) o« R™*2.

As the source B0316+162 approached the Sun, the ‘P’ points probed the high-latitude
southern polar region of the heliosphere, at a heliographic latitude of about —80° S. During the
minimum phase of the current cycle, the high-latitude regions on the Sun were dominated by
a large coronal hole of low density (see the Carrington map, CR2230, in the 193 A channel of
the Atmospheric Imaging Assembly (ATA) on board the Solar Dynamics Observatory (SDO)
provided at https://sdo.gsfc.nasa.gov/data/synoptic/). The low-density turbulent solar wind
emanating from this open-field region tends to move the onset of the strong-scattering region
towards the Sun. Considering the above distance dependence of dn?(R) ~ R=*2_ a given level
of scattering strength at the high-latitude region is observed at a distance closer than that
of the equatorial region. This is consistent with the results of earlier remote-sensing studies
(Manoharan 1993; Coles 1996; Manoharan 2012; Imamura et al. 2014).

The multi-frequency IPS technique employed in this study, especially at higher frequencies,
allows us to overcome the limitation imposed by Fresnel filtering at meter-wavelengths. It
enables the investigation of low-frequency temporal variations in én2(R, z), as close as ~10 Rg
at S-band, and provides valuable insights into the density turbulence.
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Figure 9. (Left) Similar to Figure 8, the ‘m - v - R’ plot of all sources observed with Arecibo’s P-band (red
dots), L-band (green dots), and S-band (blue dots) systems. The least-square fit to the observed data is shown
as a straight line. (Right) The ‘m/\“ ~ R’ plot for the four sources shown in Figure 6. Each source’s symbol is
indicated, and the frequency-band color code is the same as in the left plot.

5.3. Radial Dependence of Frequency-Scaled Scintillation Index

Figures 3 to 6 demonstrate the invariance of the ‘m — A’ dependence with the distance from
the Sun. If the angular size of the source does not vary with the observing frequency, v, the
product m - v is expected to yield a frequency (or wavelength) independent density turbulence
(e.g., Readhead 1971). Figure 8 (right) shows the plot of m - v, for the source B0316+162 as a
function of heliocentric distance. The linear fit in the weak-scattering region extends from large
to small solar offsets, i.e., from P- to S-bands, and the collective radial dependence remains the
same as observed at each individual band.

Similar to the B0316+162 plot, Figure 9 (left) presents the ‘m - v - R’ plot for all sources
observed with the three Arecibo bands. The best linear fit for the measurements at three bands
demonstrates the consistency in the radial dependence. It is also in agreement with the result of
multiple-source observations presented in Figure 2 of Readhead (1971), m - v oc R~1:%9. Figure
9 (right) presents a plot of ‘m/AY ~ R’ for the four sources shown in Figure 6. The radial
index exhibits consistent behavior for these sources. However, the data points associated with
B0518+165 lie below the best-fit line, likely due to its larger angular size compared to the other
sources considered.

6. Frequency Dependence of the Temporal Power Spectrum
6.1. L-band Observations

Following the systematic decreasing trend observed in the ‘m — X’ relationship (see Section 4.1
and Figures 3 to 5), a comprehensive analysis has been performed to investigate the evolution of
the temporal spectrum at the three bands of the Arecibo system. Figure 10 displays the shapes
and power levels of the temporal power spectra between 1125 and 1735 MHz for the source
B0818+179. The observations were taken on 3 August 2019, at a solar elongation, ¢ = 7.4°
(R =~ 28 Ry ), when the Sun—P-point position angle was 277°. The position angle, PA, is mea-
sured counterclockwise from the north pole. Each spectrum corresponds to a 10-MHz channel,
and a total of 56 spectra are plotted. The maximum of each spectrum has been normalized to
that of the spectrum at the lowest frequency, 1125 MHz, and the power level decreases from
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Figure 10. Temporal power spectra of 56 channels at L-band, between 1125 and 1735 MHz, for the source
B0818+179 on 3 August 2019. Each spectrum is separated by 10 MHz. Spectra within an 80-MHz band, (eight
channels corresponding to one Mock box), are represented by a single color. The horizontal dashed line indicates
the spectral off level where the scintillation power drops to the background noise level, while the vertical dashed
line indicates the frequency at which this occurs. The off-level spectrum has been subtracted from the power
spectrum.

1125 to 1735 MHz. Spectra within an 80-MHz band, (eight channels corresponding to one Mock
box), are represented by a single color. A vertical dashed line marks the frequency at which
the scintillation equals the system noise. Above this ‘cutoff’ frequency, the spectrum is nearly
flat, resembling white noise. The horizontal line indicates the white-noise level, which has been
subtracted from the power spectrum.

In the above spectra, the flat spectral part at temporal frequencies below 0.7 Hz is caused
by the rising part of the first Fresnel oscillation of the propagation filter combined with the
power-law form of the spatial spectrum of density turbulence, given by sin? (/12 /K3 f) N

—a/2
(ni + ARP%Z) / (refer to Equation (2) in Section 3.3). The sharp ‘knee-like’ feature following
the flat portion, where most of the turbulent power is contained, is known as the ‘Fresnel knee’.
It is caused by the first minimum of the Fresnel oscillation. Integration along the line of sight
tends to smooth out the higher-order Fresnel oscillations. It also alters the systematic slope at
frequencies above the knee, i.e., the inertial part of the spectrum, to a power-law index of a—1
(e.g., Manoharan, Kojima, and Misawa 1994).

The anisotropic turbulence structure (axial ratio, AR > 1), if present, can reduce the ampli-
tude of Fresnel oscillations, causing the ‘knee’ region to become rounded. The visibility function
of the source, exp|[—(k20/2.35)%], and the dissipation or inner-scale size of the turbulence (S;),
exp(—k?/K?), where r; = 3/, effects become noticeable only at high temporal frequencies.
For instance, a source with an angular width of ©® = 30 mas attenuates spatial wavenumbers
Ksource > 0.1 km™!, resulting in reduction of power at temporal frequencies > 7 Hz for a solar
wind velocity of 400 km s~!. At the current heliocentric distance, 28 R, the inner-scale cutoff
will also be comparable to the source-size effect (Manoharan, Ananthakrishnan, and Pramesh
Rao 1987; Coles, Harmon, and Martin 1991).
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Figure 11. Progressive broadening of the temporal spectrum with the observing frequency. Each spectrum
plotted in Figure 10 has been normalized to a maximum level and plotted on an enlarged scale to show the
increasing width of the spectrum with the frequency of observation. The color scheme is same as Figure 10.

Since the frequency of the knee is linearly proportional to the solar wind velocity, expressed
as finee = Vesw /V7Az, the knee position shifts inward or outward along the frequency axis
with a decrease or increase of the solar wind velocity. When the velocity remains constant, the
temporal power spectra are expected to broaden progressively with observing frequency. This
effect is clearly demonstrated in Figure 11, where the spectra are normalized to the maximum
power level. This provides an enlarged view of the spectra, particularly in the region of the
knee, and demonstrates the spectral broadening.

6.2. L-Band Model Temporal Spectra

The best-fit model spectra for the L-band spectra displayed in Figure 10 have been obtained
using Equation (2) and are displayed in Figure 12. For each 10-MHz band, the fitted parameters
are: solar wind velocity, Vow = 325 km s~!, power-law index, o = 3.3, axial ratio, AR = 1.1,
and source size, © = 30 mas. Model spectra are plotted using the same color scheme as for
the observed spectra in Figure 10. For comparison, the observed spectra are replotted in gray
color in the background. Overall, a good agreement is found between the observed and model
spectra, with the latter closely reproducing key features such as power levels, Fresnel knees,
oscillations, and temporal-frequency scaling. However, a systematic deviation is observed at the
knee region. Specifically, compared to the narrower frequency spread of the model knees, the
observed spectra at low L-band frequencies are shifted towards higher temporal frequencies,
while high-frequency observed spectra are shifted towards lower temporal frequencies.

0.2.1. Effective Width of the Temporal Spectrum — Spectral Moments

The width of the observed temporal spectrum, especially around the knee, has been carefully
analyzed and compared to the model spectrum. The first moment, i.e., the area under the spec-

trum, represents the total variance integrated over all temporal frequencies, 02 = fo © P(f)df,
where f. is the cutoff frequency at which the scintillation power roughly drops to the noise level

Solar Physics p. 16



Multi-frequency Interplanetary Scintillation Observations

Model Spectrum|
(1735 MHz)
475 km/s

BO818+179 (03 Aug 2019)

Observed L—band Spectra
(1125 — 1735 MHz; gray—color curves)

Power (10 dB per division)

L—Band Model Spectra (multi—color curves)

(1125 — 1735 MHz; in 10—-MHz step)

T T T
Lol

€=7.4° a=3.3 AR=1.1 0=0.030

0.1 1 10
Temporal Frequency (Hz)

Figure 12. Set of best-fitted model spectra computed using Equation (2) plotted in multi-color for a solar
wind velocity of Vg = 325 km s~1. In the background, the observed spectra are plotted in ‘gray color’. The
model spectra are plotted with the same color scheme followed in Figure 10. To demonstrate the solar wind
velocity scaling of temporal spectrum, a sample model spectrum at an observing frequency of 1735 MHz, for
Vsw = 475 km s~ !, is shown in a dotted line. Model parameters used in the computation are indicated.

of the receive system (refer to Figure 10). Higher-order moments, normalized by o2, provide
information about effective spectral widths at different power levels. The n*"-order spectral
moment is defined as,

1 fe
wn = — [ ["P(f)df. (3)
= Jo

The second and third moments are particularly useful for understanding the spectral width
within about the 2 — 5 dB down level of the spectrum, where the Fresnel knee is prominent,
containing the most turbulent power, and can be used to infer the underlying physical processes
affecting spectral broadening.

In Figure 13, the second and third moments calculated using Equation (3) for the 56-channel
model spectra are plotted against the observing frequency, v (in GHz) as green and blue dotted
lines, respectively. A systematic broadening of the effective spectral width with increasing ob-
serving frequency is clearly seen. Both the second and third moments exhibit linear relationships
with the same slope of ~0.16 but differ by a constant offset of 0.21 Hz. The 3-dB down widths
of the spectra fall between the curves of the second and third moments. The second-moment
widths of the observed spectra, shown as ‘pink’ dots, align with the model spectra at lower
observing frequencies, but systematically deviate toward lower widths at higher frequencies.
Similar deviations are also noted in the third-moment widths, represented by ‘orange’ dots.

Since the model spectra were computed with a fixed axial ratio of AR = 1.1, the systematic
deviation of the spectral width toward lower temporal frequencies with increasing observing
frequency suggests that the axial ratio increases with the observing frequency. Another set of
model spectra was computed, considering a linear increase in the axial ratio of about 20% over
the frequency range of the L-band, while keeping the other model parameters unchanged. The
spectra of the second and third moments, obtained from Equation (3), are plotted as green
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Figure 13. Spectral widths (i.e., second (f2) and third (f3) moments) of the observed spectra, for the 56
channels of the L-band system (i.e., the spectra shown in Figure 10) are plotted against the observing frequency,
v in GHz. For comparison, widths of model spectra (shown in Figure 12) and spectra with progressively increasing
axial ratio (see text) are plotted.

and blue dashed lines in Figure 13. At lower observing frequencies, the spectral widths align
with the model spectra for the fixed axial ratio, and the gradual deviation of the moments
with observing frequency agrees with the observed spectral moments. The results showing an
increase in axial ratio with observing frequency (or a decrease with observation wavelength)
suggest that anisotropy increases as the diffraction-scale size, v/Az, becomes smaller. Conversely,
larger turbulent structures tend to be isotropic.

6.3. Temporal Spectra of Three Bands

Figure 14 presents the temporal spectra of the source B0820+225 for the three Arecibo bands,
observed between 15:30 — 16:00 UT on 8 August 2020. The source had an elongation of € = 14°,
corresponding to a heliocentric distance of 51 R, with a PA of 299°, and a heliographic latitude
of 17°. Each spectrum, shown as a thick-dotted line, represents the average of the band after
subtracting its off-level spectrum, indicated by a dashed line.

As exhibited by the ‘m — X\’ plot for this source in Figure 6, a clear reduction in scintillation
power of ~20 dB (P(f) oc m?) between the P and S bands is revealed in the above spectra. The
spectrum for each band has been fitted with the model spectrum obtained using Equation (2)
and the best-fit model is over-plotted as a thin line on the observed spectrum. Model parameters
include the power-law index of o = 3.3, a solar-wind velocity of Vo = 700 km s~! and a source
angular size of ® = 40 mas. However, the fitted axial ratios for the P-, L-, and S-bands are 1.3,
1.6, and 1.7, respectively. This progressive increase in axial ratio from low to high observing
frequency indicates the consistency with the L-band results (Figures 12 and 13), confirming
that turbulence scales become more anisotropic at smaller scales. The fitted solar wind velocity
of ~700 km s~! is consistent with the foot-point location of point ‘P’ on a low-emitting large
unipolar region and its embedded coronal hole, which persisted for several days around the £30°
latitude region of the solar equator (refer to the SDO/AIA images in the 211 A channel about a
day before the observation date, allowing the solar-wind propagation time to the ‘P’ point; e.g.,
https://sdo.gsfc.nasa.gov/assets/img /browse/2020/08/07/20200807.084811.2048_0211.jpg).

To examine spectral broadening between bands, the spectra have been normalized to a com-
mon power level and are displayed in Figure 15. For the P band, individual 10-MHz spectra are
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Figure 14. Average spectra observed at P-; L-, and S-bands for B0820+225 on 8 August 2020 at a heliocentric
distance of 51 Rq (e = 14°). The horizontal dashed lines are the off-level spectra, corresponding to each band,
which have been subtracted from the appropriate spectrum. The thin line overplotted on each spectrum is the
best-fit model spectrum, and for which model parameters are indicated.

shown. For the L and S bands, average spectra from 80-MHz bands (each Mock box corresponds
to eight channels, each of 10-MHz bandwidth) are plotted. The horizontal dashed lines indicate
the average off-level spectra and each of it has been subtracted from the corresponding plotted
spectrum. The temporal-frequency broadening between the P and L bands is evident over the
entire frequency range beyond the Fresnel knee. However, due to increased rounding of the
knees at the L and S bands, only marginal broadening between these is seen at approximately
the 15-dB down level.

7. Summary and Conclusions

Interplanetary scintillation observations obtained from the Arecibo 305-m Radio Telescope with
the P-, L-, and S-band systems in the frequency range of ~300 — 3100 MHz have been analyzed.
These observations covered a heliocentric distance range of ~5 — 200 R, in the minimum phase
at the end of solar cycle 24 and the beginning of cycle 25.

The scintillation dynamic spectrum obtained from L-band observations over a frequency
range of ~600 MHz permits the tracking of systematic reductions in density turbulence within
this continuous band. The observed level of scintillation at a given frequency is closely associated
with the density turbulence present in the corresponding micro-scale structures of the solar
wind. The result agrees with the IPS dynamic spectra observed with LOFAR in the frequency
range of 210 — 250 MHz, as well as simulated spectra (Fallows et al. 2013; Coles and Filice
1984). However, when dynamic spectra were observed in the strong scattering region, the
aforementioned systematic trend in scintillation was not clear (Cole, Slee, and Hewish 1980;
Hewish 1989; Fallows et al. 2013).

The dependence of the scintillation index, m, on the wavelength of observation, A, has been
quantitatively examined based on the estimation of m, at frequency intervals of 10 MHz, for
many sources at the L band, along with near-simultaneous observations of selected sources
covering the P-, L-, and S-band systems. There is a systematic dependence of m ~ A\“. For
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Figure 15. Spectra of the source B0820+225, observed at three bands.

a given source, the index, w, remains relatively constant for observations made at different
heliocentric distances within the weak-scattering limit. The values of w fall between ~1 and 1.8
and this range is based on observations of several sources. For a given source, the day-to-day
variation of w is primarily due to the changes of density turbulence along different lines of sight
(refer to Figures 3 to 6). However, the average value of w of a source, obtained from observations
taken on different days, typically represents the angular size associated with the source.

The consistency of the ‘m — A\’ dependence with the distance from the Sun allows a study
of the solar wind density turbulence in the near-Sun region, extending as close as ~10 Rg,
particularly when using S-band observations. Since the rms of density fluctuations, én. is related
tom?(0,, A) ~ A [ 6n2(R, A, z,0,) dz. Thus, the level of rms density fluctuations giving rise to
scintillation is controlled by the density scale size relative to the Fresnel scale present in the solar
wind. Since in the weak-scattering region, the dn, and m are linearly related, the high-frequency
observations allow to study the correlation between them in the near-Sun region.

The reduction of scintillation with the wavelength of observation has been reported in earlier
multi-frequency IPS studies, which also include the decrease of correlation observed with dual-
frequency measurements (e.g., Gapper and Hewish 1981; Scott, Rickett, and Armstrong 1983;
Coles and Filice 1984; Bourgois et al. 1985; Breen et al. 2006; Fallows et al. 2006; Liu et al.
2010; Fallows et al. 2013; Morgan et al. 2017).

The present study provides the radial evolution of m with heliocentric distance at three
separate bands. The shifting of the weak-to-strong scattering transition region closer to the Sun
from low to high frequency is clearly illustrated in Figures 7 to 9. Specifically, high-frequency
observations effectively allow us to probe the solar wind closer to the Sun, where the linear
relationship between m and dn. is maintained. The invariance of the ‘m — X\’ relationship with
the heliocentric distance has been effectively demonstrated by the m measurements at each
individual band (also m scaled with frequency of observation, m - v or m/\), Figures 8 and
9. Such multi-frequency TIPS measurements are relatively rare in previous studies (e.g., Cohen
and Gundermann 1969; Readhead, Kemp, and Hewish 1978). During the current solar cycle
minimum, the observed radial variation of dn?(R) ~ R~%? is consistent with earlier results
(Manoharan 1993; Asai et al. 1998; Manoharan 2012).

In addition to the ‘m — X\’ relationship, the temporal power spectrum analysis, for 10-MHz
intervals of the L-band IPS, indeed for all three P-, L-, and S-bands, has shown a systematic
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decrease of the power level and frequency broadening of the spectrum with increasing observing
frequency. The best-fit model to the observed spectrum allowed us to infer the typical solar wind
velocity and the spatial spectrum of density turbulence, i.e., power-law index, o. However, the
model-fitting procedure revealed a systematic deviation of the Fresnel knee of the spectrum,
toward the low frequency, with the observing wavelength. Careful examination indicates that the
spectrum involved with the large-scale size has been associated with more isotropic turbulence
scale than the small-scale spectrum. The axial ratio increases as the scale size of turbulence
responsible for the scintillation decreases.

The above result is consistent with the increase of field-aligned anisotropy as the Sun is
approached, at heliocentric distance <20 R, where the scale size decreases with solar offset
(e.g., Armstrong et al. 1990; Grall et al. 1997). Additionally, a recent investigation of the solar
wind at 1 AU, based on the Advanced Composition Explorer (ACE) mission in-situ data, showed
that the density correlation scale in the direction quasi-parallel to the mean magnetic field is
slightly larger than that in the quasi-perpendicular direction (Wang et al. 2024). Moreover,
some of the simulations and theoretical studies have confirmed the increased anisotropy with
decreased scale size (e.g., Shebalin, Matthaeus, and Montgomery 1983; Beresnyak, Lazarian,
and Cho 2005; Oughton and Matthaeus 2005). The multi-frequency IPS observations presented
in this study highlight the significance of probing the characteristics of solar wind density
turbulence at various spatial scales and distances from the Sun.

During these multi-frequency TIPS observing sessions, some weak CME events were also
detected. These observations are valuable for understanding CME propagation in the inner
heliosphere. Additionally, the high sensitivity of the Arecibo telescope provided spectra extend-
ing to high temporal frequencies, enabling estimation of the inner scale of turbulence for sources
with known VLBI source-size structures. The results of these investigations will be presented
elsewhere.
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Appendix
A. Supplementary Figures

This appendix contains some additional figures to support the results described in Section 4.
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Figure A.1. Scattering level plotted as a function of distance, z (along the line of sight), from the observer
to 2 AU, on a ‘log-linear’ scale. The plots are shown for three elongations as indicated. For these plots, the
value of —4 has been used in the power-law dependence of C’gne (R) < RP. For each elongation, the peak in the
scattering level corresponds to the location of the solar-wind layer at the ‘P’ point.
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Figure A.2. Model spectra at the middle of the P-, L-, and S-bands, computed using Equation (2). Solid lines
and dotted lines represent an ideal point source and a source with a size of 60 mas, respectively. The model
parameters used in the computation are indicated. In this log-log plot, the difference in power level between the
point source spectrum and the finite source size spectrum progressively increases with decreasing wavelength
(or increasing frequency). The derived w values are 1.08 for the point source and 1.4 for the finite source.
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