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Radio waves propagating through an inhomogeneous, turbulent medium such as
the solar corona and solar wind become distorted, causing the initially plane
wavefronts becomes corrugated and acquire an RMS phase deviation across the
wavefront. This leads to observable effects such as angular broadening of radio
sources or intensity scintillation. Such waves can be used to probe the solar
wind through various techniques, including angular broadening and interplane-
tary scintillation observations. Such observations enable the study of several key
properties, such as the phase structure function, amplitude of turbulence, density
modulation index, solar wind heating rates, magnetic field topology, and dissipa-
tion scales. These phenomena provide critical insights into the physical processes
governing the solar corona and solar wind and its interaction with radio waves, of-
fering valuable constraints on both coronal and solar wind turbulence and coronal
magnetic field configurations. Currently, the limited number of radio sources near
the ecliptic restricts our observations. However, the SKA-Low and SKA-Mid are
expected to detect a significantly larger number of radio sources, thereby provid-
ing deeper insights into the solar corona, solar wind, and heliosphere. Long-term
observations will be crucial to understanding how the above-mentioned parame-
ters vary with heliocentric distance and over the solar cycle.
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1 Introduction

The Square Kilometre Array Observatory (SKAO) consists of the SKA-Low, which operates from
50–350 MHz, and the SKA-Mid, which operates from 0.35–15.4 GHz. Both arrays provide
extensive short-baseline coverage, which is crucial for studying solar wind density turbulence
including parameters such as the amplitude of turbulence, density fluctuations, dissipation scales,
and proton heating rates. At present, only a few radio sources are suitable for radio occultation
observations due to limited sensitivity. Once the SKAO is commissioned, many more such sources
will become available, enabling detailed probing of the solar corona and solar wind. Note that the
expected continuum sensitivity of SKA is at the 𝜇Jy level for typical integrations and reaches sub-
𝜇Jy levels for deep observations. For example, SKA-Low achieves ∼2–5 𝜇Jy beam−1 in 1 hr, while
SKA-Mid reaches ∼1–2 𝜇Jy beam−1, improving to ∼0.05–0.1 𝜇Jy beam−1 in deep integrations
(Dewdney et al., 2013; Braun et al., 2019). This article presents various science cases that can be
explored with the SKAO.

Despite several decades of intense research through observations and modelling, solar wind heating,
origin and evolution, and acceleration of solar wind is still poorly-understood. There are various
techniques available to probe the solar wind. Most of the solar wind theories treat incompressible
turbulence where as solar wind exhibits density fluctuations that impact the plane waves as refractive
index changes. Understanding turbulence helps interpreting variety of observations and theories.
It helps understanding and testing of compressibility of a solar wind [e.g. Tu et al 1994, Hnat et
al 2005]. Radio sources when observed through the solar corona and solar wind broadens and that
leads to the under estimation of the brightness temperatures. Therefore it leads to misinterpretation
of the source properties and emission mechanism. It helps understanding the dissipation mechanism
in the solar wind and therefore the solar wind heating and acceleration of the solar wind. Turbulence
plays a role in the propagation of Solar Energetic Particles (SEP) through out the heliosphere (e.g.,
Reid & Kontar 2010).

In the solar wind, turbulent density inhomogeneities play a vital role in scattering of the radio
waves (Coles and Harmon, 1989a; Yamauchi et al., 1998b; Bisoi et al., 2014; Mugundhan et al.,
2017; Krupar et al., 2018; Sasikumar Raja et al., 2019b; Krupar et al., 2020). The spectrum of
turbulent density fluctuations (𝑃𝛿𝑛) in the solar wind is commonly modeled as a power law with
an exponential falloff at the inner or dissipation scale (Bastian, 1994, 1995; Armstrong et al., 1995;
Alexandrova et al., 2012; Ingale et al., 2015a; Sasikumar Raja et al., 2016, 2017). When we consider
anisotropy in the scatter-broadening images by allowing for different wavenumbers along (𝑘𝑥) and
perpendicular (𝑘𝑦) to the large scale magnetic field (Ingale et al., 2015a),

𝑃𝛿𝑛 (𝑘, 𝑅) = 𝐶2
𝑁 (𝑅) (𝜌2 𝑘2

𝑥 + 𝑘2
𝑦)−𝛼/2 (1)

× 𝑒𝑥𝑝

{
− (𝜌2 𝑘2

𝑥 + 𝑘2
𝑦)

(
𝑙𝑖 (𝑅)

2𝜋

)2}
,

where 𝑅 is the heliocentric distance, 𝐶2
𝑁

represents the amplitude of the density spectrum and
𝜌 ≡ 𝑘𝑥/𝑘𝑦 is interpreted as the ratio of the major and minor axes in the angular broadened images.
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The inner scale is also assumed to be anisotropic, with 𝑙𝑖𝑥 = 𝜌𝑙𝑖𝑦 and 𝑙𝑖 ≡
√︃
𝑙2
𝑖𝑥
+ 𝑙2

𝑖𝑦
. The slope (𝛼)

of the turbulent power spectrum is well known to follow the Kolmogorov scaling law (𝛼 = 11/3) at
large scales. Also it is known to flatten near the dissipation scale at 𝛼 = 3 before it turns over steeply
at the inner scale (Bastian, 1994; Coles and Harmon, 1989a; Sasikumar Raja et al., 2016, 2017;
Mugundhan et al., 2017). Since our observations often sample scales in the vicinity of dissipation
scale, 𝛼 = 3 is used.

However, when the medium is isotropic, the turbulent spatial power spectrum (𝑃𝛿𝑁 ) is defined as
(Bastian, 1994; Ingale et al., 2015a),

𝑃𝛿𝑁 (𝑘, 𝑅) = 𝐶2
𝑁 (𝑅)𝑘−𝛼 × exp−(𝑘𝑙𝑖 (𝑅)/2𝜋)2, (2)

where 𝑘 is the wavenumber, and 𝑙𝑖 is the inner/ dissipation scale.

It is worth mentioning that the injected large-scale energy in the solar wind breaks up into smaller
scales until it is dissipated by heating the protons using gyro-resonant interactions. Also, note
that the scales at which the energy is injected are called ‘outer scales’, and the scales at which the
dissipation happens are called ‘inner scales’ (Kulsrud, 2005). Using remote sensing observations,
it is found that, at large scales, the density spectrum follows the Kolmogorov scaling law with
𝛼 = 11/3 (Coles and Harmon, 1989a; Spangler, 2002). However, at small scales, the spectrum
flattens to 𝛼 = 3 (Coles and Harmon, 1989a). Further, it is important to note here that 𝐶2

𝑁
can be

measured for both proton inertial scale model (Coles and Harmon, 1989a; Leamon et al., 1999a,
2000b; Smith et al., 2001b; Chen et al., 2014b; Bruno and Trenchi, 2014b; Sasikumar Raja et al.,
2019a) and proton gyroradius model (Bale et al., 2005; Sahraoui et al., 2013; Bisoi et al., 2014;
Chen et al., 2014a; Sasikumar Raja et al., 2019a).

2 Observations

In the radio occultation technique, a radio point source (say the Crab Nebula) can be observed
through the foreground solar wind during June of each year, leading to the following observational
characteristics: (i) the apparent angular size of the radio source increases due to scattering by
the turbulent medium, (ii) since the intrinsic flux density of the source remains constant over
long timescales, the peak flux density decreases as the apparent source size increases, while the
integrated flux density remains constant, (iii) for heliocentric distances below ∼ 10 𝑅⊙, the radio
source exhibits anisotropic broadening, enabling the measurement of the anisotropy parameter (i.e.,
the ratio of the major to minor axis of the source) (Blesing and Dennison, 1972; Dennison and
Blesing, 1972; Sasikumar Raja et al., 2017), and (iv) the position angle of the major axis of the
source, measured from north through east, can also be determined.

Since the Crab occultation technique is well established, we summarize here only the aspects
relevant to this article. The Crab Nebula is typically observed using a single-element interferometer
as it passes through the solar wind at heliocentric distances of approximately 10–45 𝑅⊙ during
mid-June each year. As the source approaches the Sun, enhanced scattering caused by turbulent
density irregularities in the solar wind leads to an increase in its apparent angular size. Eventually,
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Figure 1: The schematic diagram shows the geometry of Crab nebula occultation; ‘PQ’ indicates the
projected path of the Crab nebula during the month of June every year. The closest point of ‘PQ’ to ‘S’ is ≈
5 𝑅⊙ . The radiation from ‘C’ passes through the effective turbulent medium ‘AB’ at a solar elongation of ‘𝜖’
as viewed from ‘E’.

the nebula becomes sufficiently broadened that it is resolved out by the interferometer, resulting in
a drop of the measured visibility to undetectable levels which marks the so-called “occultation".

Figure 1 is a schematic diagram showing the occulting geometry during observations of the Crab
Nebula. The lower panel of Figure 2 presents the variation of the observed flux density of the Crab
Nebula during June 2011 and 2013, while the upper panel illustrates the corresponding solar disk
geometry of the occultation. In 2011, the observed flux density shows a steady decline from its
pre-occultation level of approximately 2015 ± 100 Jy beginning on 10 June (at ≈ 23𝑅⊙) during
ingress. In contrast, the decrease begins earlier, on 8 June (at ≈ 30𝑅⊙), in 2013 (see Figure 2).
A similar trend is observed during the egress phase. The pre-occultation flux is regained around
21 June (≈ 21𝑅⊙) in 2011 and around 23 June (≈ 29𝑅⊙) in 2013. No interference fringes were
detected between 12 and 18 June in either year, corresponding to heliocentric distances of about
≈ 15𝑅⊙ (ingress, 12 June) and ≈ 10𝑅⊙ (egress, 18 June).

Although the heliographic latitudes sampled by the line of sight to the Crab Nebula differ between
ingress and egress (Kundu, 1965), the occultation profiles for 2011 and 2013 (Figure 2) appear
fairly symmetric. This behavior is expected, as the solar cycle 24 maximum occurred in 2013, when
the distribution of solar wind density fluctuations is known to be nearly spherically symmetric
(Manoharan, 1993).

In this study, we utilize these observations along with similar data obtained in previous years. The
earliest Crab Nebula occultation measurements were reported by Machin and Smith (1952) in 1952
at 38 and 80.5 MHz. Subsequent observations between 1952 and 1958 were made at 38, 81, and 158
MHz using baselines ranging from 60 to 1000 m (Hewish, 1957, 1958). Additional measurements
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at 26.3 and 38 MHz, over baselines of approximately 700–1630 m, were reported for 1961–1962
by Hewish and Wyndham (1963b). The normalized visibilities from these earlier data, obtained
across different frequencies and baselines, have been scaled to 80 MHz and a 1.6 km baseline using
the general structure function described in §3.1.

Figure 2: The upper panel shows the solar disk view of the Crab nebula occultation technique. The filled red
colored circle represents the Sun, while the green circles indicate the positions of the Crab nebula relative
to the Sun on different dates. Here, ΔR.A. and ΔDec denote the offset distances of the Crab nebula from
the Sun in right ascension and declination, respectively. The innermost concentric circle around the Sun has
a radius of 5 𝑅⊙ , and the radii of the subsequent circles increase by 5 𝑅⊙ each. The lower panel presents
the observed flux densities of the Crab nebula on various days during its occultation by the foreground solar
corona. The periods before and after June 16 correspond to the ingress and egress phases, respectively. The
data points marked with ‘*‘ and ‘square’ correspond to the measurements from June 2011 and June 2013,
respectively.

3 Structure function and amplitude of turbulence (𝐶2
𝑁

)

The building block for obtaining radio images is the quantityΓ(𝑠) that measures the spatial coherence
of the electric field detected by a pair of antennas separated by a distance 𝑠:

Γ(𝑠) = 𝑉 (𝑠)
𝑉 (0) =

⟨𝐸 (𝑟)𝐸∗(𝑟 + 𝑠)⟩
⟨|𝐸 |2⟩

(3)

The quantity 𝑉 (𝑠), called the visibility, is the time-averaged correlation between electric fields
detected by a pair of antennas separated by a distance 𝑠 and 𝑉 (0) is the so-called “zero-spacing”
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visibility. Each pair of antennas in an interferometric array yields a visibility, which is a point in
the Fourier transform of the scatter-broadened image of the object.

The structure function, 𝐷𝜙 (𝑠), characterizes the phase perturbations introduced by density inho-
mogeneities in the medium and is expressed as (Prokhorov et al., 1975; Ishimaru, 1978; Coles and
Harmon, 1989b; Armstrong et al., 1990)

Γ(𝑠) = 𝑒−𝐷𝜙 (𝑠)/2 . (4)

Alternatively,

𝐷𝜙 (𝑠) = −2 ln Γ(𝑠) = −2 ln
[
𝑉 (𝑠)
𝑉 (0)

]
, (5)

where 𝑉 (𝑠) and 𝑉 (0) denote the ensemble-averaged visibilities. Note that 𝑉 (0) corresponds to
the flux density of the Crab nebula when it is far from the Sun. Crab occultation observations are
typically carried out using a single baseline with a specific value of 𝑠.

3.1 The General Structure Function (GSF)

Over the years, theoretical developments and observations have converged on a widely accepted
formulation for the structure function that describes density fluctuations in the solar corona and
solar wind (e.g., Coles et al., 1987; Armstrong et al., 2000; Bastian, 1994; Subramanian and Cairns,
2011). These formulations, however, are valid only in the asymptotic limits where the observing
baseline 𝑠 is either much smaller or much larger than the inner scale 𝑙𝑖 (𝑅). Such approximations
may not hold in some cases, since depending on the assumed model for the inner scale, the observing
baseline 𝑠 can be comparable to 𝑙𝑖 (𝑅). Under these circumstances, the use of asymptotic expressions
leads to inaccuracies, necessitating the use of the General Structure Function (GSF), which remains
valid for all regimes: 𝑠 ≪ 𝑙𝑖 (𝑅), 𝑠 ≈ 𝑙𝑖 (𝑅), and 𝑠 ≫ 𝑙𝑖 (𝑅) (Ingale et al., 2015a).

Scatter-broadened images of radio sources viewed through the solar wind are observed to be
anisotropic only at heliocentric distances ≤ 5–6 𝑅⊙ (Anantharamaiah et al., 1994; Armstrong et al.,
1990). However for observations that were obtained over the range 10–45 𝑅⊙, it is sufficient to
employ the isotropic form of the GSF, defined as

𝐷𝜙 (𝑠) =
8𝜋2𝑟2

𝑒𝜆
2Δ𝐿

2𝛼−2(𝛼 − 2)
Γ

(
1 − 𝛼 − 2

2

)
𝐶2
𝑁
(𝑅) 𝑙𝑖 (𝑅)𝛼−2

1 − 𝑓 2
𝑝 (𝑅)/ 𝑓 2

(6)

×
{

1𝐹1

[
−𝛼 − 2

2
, 1, −

(
𝑠

𝑙𝑖 (𝑅)

)2
]
− 1

}
,

where 1𝐹1 is the confluent hypergeometric function, 𝑟𝑒 is the classical electron radius, 𝜆 is the
observing wavelength, 𝑅 is the heliocentric distance, Δ𝐿 is the thickness of the scattering medium,
and 𝑓𝑝 and 𝑓 denote the plasma and observing frequencies, respectively.

The functional form of the structure function is therefore well established. The visibilities from Crab
occultation observations provide a constraint on its amplitude. Since the structure function depends
explicitly on both observing wavelength and baseline, such dependence was used to normalize
the visibilities obtained at different observing frequencies and baselines to a common reference of
80 MHz and a 1.6 km baseline.
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The origin of the inner (dissipation) scale, 𝑙𝑖 (𝑅), remains an active topic of research. Some studies
identify it with the proton inertial length (Coles and Harmon, 1989b; Harmon, 1989; Yamauchi
et al., 1998b; Verma et al., 1996; Leamon et al., 1999b, 2000a; Smith et al., 2001a; Bruno and
Trenchi, 2014a), while others associate it with the proton gyroradius (Bale et al., 2005; Sahraoui
et al., 2013).

In several cases, the observing baseline is comparable to the inner scale. Note that the baseline used
in the 2011 and 2013 observations (𝑠 = 1600 m) is comparable to the proton gyroradius within the
heliocentric distance range ≈10–45 𝑅⊙. However, when the proton inertial length is adopted for
the inner scale, the corresponding baseline lengths are significantly smaller. Therefore, GSF can be
employed that remains valid across all these regimes: from 𝑠 ≪ 𝑙𝑖 (𝑅) through 𝑠 ≈ 𝑙𝑖 (𝑅) and up to
𝑠 ≫ 𝑙𝑖 (𝑅).

3.2 Estimating the scattering measure

The scattering measure (SM) is defined as the path integral

SM =

∫
𝐶2
𝑁 (𝑅) 𝑑𝑙 ≈ 𝐶2

𝑁 (𝑅) Δ𝐿 , (7)

where the integration is carried out over the depth over which scattering takes place. When the
scattering is confined to a thin screen, the approximation indicated in Eq 7 is acceptable, where Δ𝐿
is the thickness of the scattering screen. We use the GSF to calculate the scattering measure, which
in turn will be used to determine 𝐶2

𝑁
(𝑅).

SM = 𝐶2
𝑁 (𝑅)Δ𝐿 (8)

=

(
𝑓 (𝛼, 𝜆) 𝑙𝑖 (𝑅)

𝛼−2

𝑟 𝑓 (𝑅, 𝜆)
(1𝐹1(𝛼, 𝑠, 𝑅) − 1)

)−1

𝐷𝜙 (𝑠)

where,

𝑓 (𝛼, 𝜆) =
8𝜋2𝑟2

𝑒𝜆
2

2𝛼−2(𝛼 − 2)
Γ

(
1 − 𝛼 − 2

2

)
,

𝑟 𝑓 (𝑅, 𝜆) = 1 − 𝑓 2
𝑝 (𝑅)/ 𝑓 2,

1𝐹1(𝛼, 𝑠, 𝑅) = 1𝐹1

[
−𝛼 − 2

2
, 1,−

(
𝑠

𝑙𝑖 (𝑅)

)2
]
,

3.3 Heliocentric dependence of 𝐶2
𝑁

The structure function can be used to calculate the scattering measure (Eq 8). The SM using
turbulence amplitude 𝐶2

𝑁
(𝑅) at different solar elongations 𝑅0 is described below. Assuming solar

wind turbulence at these heliocentric distances (10 − 45 𝑅⊙) to be spherically symmetric, the SM
can also be written as (Spangler and Sakurai, 1995):

SM =

∫ ∞

0
𝐶2
𝑁 (𝑅) d𝑅 =

𝜋

2
𝐶2
𝑁 (𝑅0) 𝑅0 (9)
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𝐶2
𝑁 (𝑅0) =

2
𝜋

SM
𝑅0

(10)

where 𝐶2
𝑁
(𝑅0) denotes the amplitude of density turbulence at impact parameter 𝑅0. The impact

parameter 𝑅0 is related to the solar elongation in solar radius in arc minute. Comparing with Eq 7
shows that the scattering screen thickness is found as Δ𝐿 = (𝜋/2)𝑅0, in computing 𝐶2

𝑁
(𝑅0) from

the SM.

The SM is estimated from the observed structure function (𝐷𝜙 (𝑠)) using two inner scale models:
the proton inertial length and and proton gyroradius. Furthermore, the SM depends upon the
assumed value of power law index (𝛼) of the density fluctuation spectrum. Generally, the spectrum
is observed to follow a Kolmogorov-like scaling with 𝛼 = 11/3. However, there is also some
evidence for local flattening of the density fluctuation spectrum at large wave numbers (Celnikier
et al., 1987; Coles and Harmon, 1989b; Bastian, 1994); some authors therefore use 𝛼 = 3.

Using all the existing data in the literature, 𝐶2
𝑁

was computed as a function of heliocentric distance
between 10 and 45 𝑅⊙. Since the observation span years corresponding to solar minimum as well
as solar maximum, the data from each year was studied separately. For instance, Figure 3 shows
the variation of 𝐶2

𝑁
with heliocentric distance using data from 2013. A fit of a function of the

form 𝐶2
𝑁
(𝑅) = 𝐴 𝑅−𝛾 is plotted in these Figures. We find that the data in Figure 3 suggests

𝐴 = 4 × 105 cm−6 and 𝛾 = −3.4 with a goodness of fit (adjusted 𝑅2) 0.72. Such measurements
were carried out for different years. For instance, in 2011, 𝐶2

𝑁
(𝑅) = 3.2 × 104𝑅−2.8 for 𝛼 = 3

and the proton inertial length as the inner scale. On the other hand, 𝐶2
𝑁
(𝑅) = 400𝑅−2.1 for 𝛼 = 3

and the proton gyroradius (with proton temperature = 105 K) as the inner scale. To the best of
our knowledge, the only such measurements in the literature so far is due to Spangler and Sakurai
(1995) and Spangler et al. (1996), who determined the heliocentric dependence of 𝐶2

𝑁
from 10

to 60 𝑅⊙ using Very Long Baseline Interferometer (VLBI) observations during July and August
1991, which is ≈ 2 years past the maximum of cycle 22 in the declining phase. Their result, which
assumes a Kolmogorov spectrum (𝛼 = 11/3) is 𝐶2

𝑁
(𝑅) = 3.81𝑅−3.66 in cm−20/3. Of the results

we have compiled, data from 1960 corresponds to a similar phase in cycle 19. For this epoch, we
obtain 𝐶2

𝑁
∝ 𝑅−𝛾 , with 𝛾 ranging from 3.2 to 3.3. These results thus yield a remarkably similar

dependence of 𝐶2
𝑁

with heliocentric distance for the only instance in the literature where such a
comparison can be made.

3.4 Solar cycle dependence of 𝐶2
𝑁
(𝑅)

The values of 𝐴 and 𝛾 are significantly different for different observation years, which correspond
to different phases of the solar cycle. The solar cycle dependence of 𝐴 and 𝛾 is shown in Figures
4. The top and middle panels in the Figures 4 shows the temporal variation of 𝛾 and 𝐴. For the
comparison, the yearly averaged sunspot number (SSN)1 for different years are plotted in the bottom
panel of Figures 4. Upon comparing the top and middle panels with the bottom ones, it is evident
that both 𝐴 and 𝛾 are well correlated with the sunspot number. These trends hold irrespective of

1http://www.sidc.be/silso/datafiles
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whether the proton gyroradius model is used or proton inertial length model for the inner scale with
𝛼 = 3.

The correlation between 𝐴 and the sunspot number is indicative of the fact that the overall magnitude
of scattering is higher during solar maximum as compared to solar minimum. This is consistent
with earlier results using interplanetary scattering observations (Janardhan et al., 2011; Manoharan,
2012; Janardhan et al., 2015).

Heliocentric distance (R⊙)
1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8

C
N2

 (
c
m

-6
)

-0.5

0

0.5

1

1.5

2

2.5

Figure 3: A log-log plot of 𝐶2
𝑁

vs the heliocentric distance (in 𝑅⊙) derived from observations in 2013. We
used 𝛼 = 3 and the inner scale is the proton inertial length. The fit to 𝐶2

𝑁
(𝑅) = 𝐴 𝑅−𝛾 yields 𝛾 = 3.4 and

𝐴 = 4 × 105 cm−6.

The correlation between 𝛾 and the sunspot number indicates that the scattering strength falls off
faster with heliocentric distance when solar activity increases. This might be because the large-
scale solar magnetic field becomes more multipolar with increasing solar activity. For instance,
this is reflected by the increasing complexity of the streamer belt with solar activity (Wang et al.,
2000; Richardson and Kasper, 2008). Higher order multipolar fields are known to fall off more
rapidly with heliocentric distance than a dipole, and this could be reflected in the spatial behavior
of the scattering strength, characterized by 𝛾. Conversely, it has been reported earlier (Tokumaru
et al., 2000) that the scintillation index for IPS observations shows a rather shallow variation with
heliocentric distance towards solar minimum. It should also be borne in mind that the Crab nebula
passes from low latitudes to high(er) ones (upper panel of Figure 2). Near solar minimum, this
means that it progresses from sampling the slow solar wind to the fast solar wind, and this is an
additional complicating factor. Near solar maximum, the solar wind is relatively more symmetric
with latitude, and is predominantly slow (McComas et al., 2000; Asai et al., 1998).
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Figure 4: The top panel and middle panel show 𝛾 and 𝐴 (𝑐𝑚−6) as a function of time. The ‘circles’ and
‘squares’ indicate the proton inertial and proton gyroradius inner scale models respectively with 𝛼 = 3. For
the proton gyroradius model, a temperature of 105 K was used. The solid line in the bottom panel shows the
yearly averaged sunspot number and the ‘*’ represents the year in which the Crab occultation measurements
were made. It is clearly seen that both 𝛾 and 𝐴 correlates with the solar cycle.

4 Density fluctuation index (𝜖𝑁𝑒
= 𝛿𝑁𝑘𝑖/𝑁𝑒)

The density fluctuations 𝛿𝑁𝑘𝑖 at the inner scale and spatial power spectrum are related as follows
(Chandran et al., 2009a)

𝛿𝑁2
𝑘𝑖
(𝑅) ∼ 4𝜋𝑘3

𝑖 𝑃𝛿𝑁 (𝑅, 𝑘𝑖) = 4𝜋𝐶2
𝑁 (𝑅)𝑘3−𝛼

𝑖 𝑒−1 , (11)

where 𝑘𝑖 ≡ 2𝜋/𝑙𝑖 .

By knowing the 𝛿𝑁𝑘𝑖 and the background electron density (𝑁𝑒), the density modulation index (𝜖𝑁𝑒
)

can be measured using,

𝜖𝑁𝑒
(𝑅) ≡

𝛿𝑁𝑘𝑖 (𝑅)
𝑁𝑒 (𝑅)

. (12)

For the sake of completeness, the measured density modulation indices and its variation with
heliocentric distance is shown in Sasikumar Raja et al. (2016). Similarly, solar cycle dependence of
the density modulation indices is shown in upper panel of Figure 7 (Sasikumar Raja et al., 2016).
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Using the knowledge of 𝐶2
𝑁

the density modulation index 𝜖𝑁 can be estimated using Eqs (11) and
(12). Leblanc et al. (1998) model was used to evaluate the background solar wind density 𝑁 . The
heliocentric distance dependence of 𝜖𝑁 is shown in Figure 5 for different years. This quantity is
computed using both the proton inertial length and proton gyroradius inner scale models. The
broad conclusion that can be drawn is that 𝜖𝑁 ranges between 0.001 and 0.1, and its only weakly
dependent on heliocentric distance.

Further, assuming the kinetic Alfvènwave dispersion equation the heating rate was derived.

5 Proton heating rate

In order to estimate the heating rates in the solar wind, above mentioned density modulation indices
were used. In this study, those modulation indices were used to estimate the proton heating rate
(𝜖𝑘𝑖 ) by applying the kinetic Alfvén wave dispersion relation, and compare the results with recent
measurements obtained from angular broadening (Sasikumar Raja et al., 2017) and interplanetary
scintillation observations (Bisoi et al., 2014; Ingale, 2015b). These results were further compared
with the heating rates derived from in-situ measurements reported by Adhikari et al. (2020) and
Bandyopadhyay et al. (2020).

Density modulation indices (𝜖𝑁𝑒
) derived using the above method (see §4) were used to measure the

heating rates. Following Chandran et al. (2009a); Sasikumar Raja et al. (2017), and assuming that
density fluctuations at small scales are manifestations of low frequency, oblique (𝑘⊥ ≫ 𝑘 ∥ ), Alfvén
wave turbulence and are often referred to kinetic Alfvén waves. Here, the quantities 𝑘⊥ and 𝑘 ∥
are the components of the wave vector k in perpendicular and parallel direction to the background
large-scale magnetic field, respectively.

As previously discussed we envisage a situation where the “balanced” counter propagating Alfvén
waves (i.e. with zero helicity) cascade and resonantly damps on the protons at the inner scale and
thereby heats the solar wind. Because of the passive mixing of the Alfvén waves with other modes
at the inner scale our proton heating rate measurements provide an upper limit. The proton heating
rate (i.e. the turbulent energy cascade rate) at inner scales is (Hollweg, 1999; Chandran et al.,
2009a; Ingale, 2015b),

𝜖𝑘𝑖 (𝑅) = 𝑐0𝜌𝑝𝑘𝑖 (𝑅)𝛿𝑣3
𝑘𝑖
(𝑅) erg cm−3 s−1 , (13)

where, 𝜌𝑝 = 𝑚𝑝𝑁𝑒 (𝑅) g cm−3 with 𝑚𝑝 is the proton mass [in grams], 𝑘𝑖 = 2𝜋/𝑙𝑖 and 𝛿𝑣𝑘𝑖 are
the wavenumber and magnitude of turbulent velocity fluctuations at inner scales, respectively. The
dimensional less quantity 𝑐0 is assumed to be 0.25 (Howes et al., 2008; Chandran et al., 2009a;
Sasikumar Raja et al., 2017).

By knowing the 𝜖𝑁𝑒
, we calculated 𝛿𝑣𝑘𝑖 using the kinetic Alfvén wave dispersion relation (Howes

et al., 2008; Chandran et al., 2009a; Ingale, 2015b; Sasikumar Raja et al., 2017)
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Figure 6: Heliocentric dependence of the proton heating rate in different years is shown. The markers
‘circle’ and ‘square’ indicate proton heating rates that are derived using the proton inertial length and proton
gyroradius model, respectively.

𝛿𝑣𝑘𝑖 (𝑅) =
(

1 + 𝛾𝑖𝑘
2
𝑖
(𝑅)𝜌2

𝑖
(𝑅)

𝑘𝑖 (𝑅)𝑙𝑖 (𝑅)

)
𝜖𝑁𝑒

(𝑅, 𝑘𝑖)𝑣𝐴(𝑅) . (14)

where, the adiabatic index 𝛾𝑖 is taken to be 1 (Chandran et al., 2009a; Sasikumar Raja et al., 2017).

The Alfvén speed (𝑣𝐴) in the solar wind is measured using,

𝑣𝐴(𝑅) = 2.18 × 1011𝜇−1/2𝑁
−1/2
𝑒 (𝑅)𝐵(𝑅) cm s−1, (15)
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The magnetic field strength (B) is estimated using the Parker spiral magnetic field in the ecliptic
plane using (Williams, 1995a),

𝐵(𝑅) = 3.4 × 10−5𝑅−2(1 + 𝑅2)1/2 Gauss, (16)

where, ‘R’ is the heliocentric distance in units of AU.

Figure 7: (top) Solar cycle dependence of the modulation index averaged over the heliocentric distance
5−45 𝑅⊙ . (middle) Solar cycle dependence of the proton heating rate averaged over the heliocentric distance
5−45 𝑅⊙ . The measurements for various inner scale models, i.e., proton inertial length and proton gyroradius
models are indicated with the symbols ‘circle’ and ‘square’, respectively. (bottom) The solid line shows the
yearly averaged sunspot number (Clette et al., 2016) and the symbol ‘triangle’ indicates the sunspot number
in which we have the radio observations. The Figure shows a clear solar cycle dependence of the proton
heating rate.

The derived proton heating rates in different years are shown in Figure 6 and we found that heating
rates vary from ≈ 1.58 × 10−14 to 1.01 × 10−8 erg cm−3 s−1 over the heliocentric distances 5 -
45 R⊙. The markers ‘circle’ and ‘square’ indicate proton heating rates derived assuming different
inner scale models - proton inertial length and proton gyroradius model.
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At 5 R⊙, in the coronal holes (i.e., in the fast solar wind), the estimated proton heating rates range
from 2×10−10 and 1.4×10−8 erg cm−3 s−1 (Chandran et al., 2009a). Similarly, at 1 AU the estimated
heating rate is 5×10−16 erg cm−3 s−1 (Chandran et al., 2009a). The heating rates derived assuming
density fluctuations are due to the kinetic Alfvènwaves in the heliocentric distance range 2-174 R⊙
using interplanetary scintillation (IPS) observations (Hewish and Wyndham, 1963a; Manoharan
et al., 2000; Janardhan et al., 2011; Sasikumar Raja et al., 2019b) are 3 × 10−8 erg cm−3 s−1

(during solar maximum) and ≈ 10−15 erg cm−3 s−1 (during solar minimum) consistent with our
estimates (Ingale, 2015b). Using two-dimensional imaging angular broadening observations of the
Crab Nebula, the measured heating rates are varied from 2.2 × 10−13 to 1.0 × 10−11 erg cm−3 s−1

in the heliocentric distance range 9 − 20 𝑅⊙ (Sasikumar Raja et al., 2017). The recently reported
heating rates in the heliocentric distance range 1.5 - 4.0 𝑅⊙ varied from ≈ 3.31 × 10−10 to 4.5 ×
10−7 erg cm−3 s−1 (Cranmer, 2020). Further, the author extrapolated these heating rates to the
distances 0.3-0.6 AU which range from ≈ 10−15 to 10−14 erg cm−3 s−1 and at 1 AU, the extrapolated
heating rates are few times of 10−16 erg cm−3 s−1.

Using in-situ measurements by Parker Solar Probe, Bandyopadhyay et al. (2020) estimated energy
transfer rates of 8.7±0.3×10−13 erg cm−3 s−1 at 36 𝑅⊙ and 5.8±1.3×10−14 erg cm−3 s−1 at 54 𝑅⊙.
They originally have quoted numbers in units of J kg−1 s−1. We have multiplied their numbers by
𝑁𝑝 𝑚𝑝 (where 𝑁𝑝 is the solar wind density derived using Leblanc model (Leblanc et al., 1998) and
𝑚𝑝 is the proton mass) to arrive at heating rates in units of erg cm−3 s−1. By comparison, the proton
heating rate at 36 𝑅⊙ from our results (see Figure 6) range from ≈ 2.8 × 10−10 to ≈ 7.4 × 10−13

erg cm−3 s−1. Similarly, Adhikari et al. (2020) reported that heating rates in the heliocentric distance
≈ 1.6 − 100 𝑅⊙ range from 1.06 × 10−4 to 1.73 × 10−14 erg cm−3 s−1. Authors also reported
that the heating rate due to the nearly in-compressible/slab turbulence in the heliocentric distance
≈ 1.3 − 100 𝑅⊙ range from 4.24 × 10−7 to 1.11 × 10−14 erg cm−3 s−1. A summary of these proton
heating rates is given in Table 1.

As the density modulation indices (see Figure 5) and heating rates (see Figure 6) are weakly
dependent with heliocentric distance, we averaged the observations that are carried out in different
years and plotted in Figure 7. The upper and middle panels of Figure 7 are the averaged density
modulation indices and proton heating rates for different inner scale models, respectively. The
lower panel shows the yearly averaged sunspot number. Figure 7 shows that the derived density
modulation indices and heating rates closely follow the solar cycle. During solar maximum, the
slow solar wind drives in all the directions and hence Sasikumar Raja et al. (2016) had justified the
lower modulation index in 1958 (also refer to upper panel of Figure 7). Following the lower density
modulation indices, heating rates are lower during the solar maximum.

6 Solar cycle dependence of modulation index and proton heating rate

Since the heliocentric distance dependence of 𝜖𝑁 is rather weak, it is meaningful to compute an
average for this quantity for each year. The average of 𝜖𝑁 between 10 and 45 𝑅⊙ is plotted as a
function of time in the upper panel of Figure 5. Comparison with the lower panel, which shows the
sunspot numbers, shows that 𝜖𝑁 broadly follows the solar cycle.

However, we note that 𝜖𝑁 shows a prominent dip around 1958, which happens to be the year with
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S.No R Proton heating rate References
(𝑅⊙) (erg cm−3 s−1)

Remote sensing
1 5 - 45 1.58 × 10−14 - 1.01 × 10−8 Present work
2 5 2 × 10−10 - 1.4 × 10−8 Chandran et al. (2009a)
3 215 5 × 10−16 Chandran et al. (2009a)
4 2 -174 3 × 10−8 - 10−15 Ingale (2015b)
5 9 - 20 2.2 × 10−13 - 1.0 × 10−11 Sasikumar Raja et al. (2017)
6 1.5 - 4.0 3.31 × 10−10 - 4.5 × 10−7 Cranmer (2020)
7 64.5 - 129 10−15 - 10−14 Cranmer (2020)
8 215 10−16 Cranmer (2020)

In-situ
9 36 8.7 ± 0.3 × 10−13 Bandyopadhyay et al. (2020)
10 54 5.8 ± 1.3 × 10−14 Bandyopadhyay et al. (2020)
11 1.6 - 100 1.06 × 10−4 - 1.73 × 10−14 Adhikari et al. (2020)
12 1.3 - 100 4.24 × 10−7 - 1.11 × 10−14 Adhikari et al. (2020)

Table 1: Summary of proton heating rates in the solar wind

the highest sunspot number of the data we have examined. Although the dip comprises only one
data point, the following could be a tentative explanation for it: Celnikier et al. (1987) notes that
the modulation index (𝜖𝑁 ) is positively correlated with the temperature of solar wind protons. At 1
AU, it has been observed that the proton temperature is positively correlated with solar wind speed
(Lopez and Freeman, 1986). Taken together, this implies that 𝜖𝑁 should be larger in the fast solar
wind than in the slow solar wind. During the solar minimum, the Sun’s large-scale magnetic field
is predominantly dipolar. Consequently, higher latitudes are dominated by fast (≈ 700 𝑘𝑚/𝑠) solar
wind emanating from coronal holes. Lower latitudes, on the other hand, are dominated by the slow
solar wind (≈ 400 𝑘𝑚/𝑠) emanating from near the streamer belt. During solar maximum, however,
the large-scale solar magnetic fields is multi polar. Coronal holes are not as prevalent and slow
solar wind is observed over all heliolatitudes (McComas et al., 2000; Asai et al., 1998). Since 1958
was associated with a high sunspot number (the highest of the years we have considered), we expect
slow solar wind (and low proton temperatures) at all heliolatitudes because the magnetic field is
multipolar.

Furthermore, Asai et al. (1998) suggest that the modulation index of the high speed solar wind
(which is usually observed near solar minimum) shows significant evolution with heliocentric
distance. Our results show that the modulation index does not vary appreciably with heliocentric
distance during the solar maximum years of 1956, 1958, 1960, 1961 and 2013, when the slow solar
wind is expected to dominate. Our results are thus consistent with the converse of the conclusions
reached by Asai et al. (1998).
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7 Dissipation scales

7.1 Estimating the dissipation scale

The Crab nebula images can be constructed by suitably inverse Fourier transforming a set of
calibrated visibilities using the Astronomical Image Processing System (AIPS)2. On the other hand,
the theoretical view of the structure function relates it to the spectrum of turbulent fluctuations that
give rise to the observed scatter broadening. The general structure function ((Ingale et al., 2015a))
is used to find the dissipation scales. The GSF is,

𝐷th(𝑠) = 𝐶 × 𝑙𝑖 (𝑅)𝛼−2

×
{

1𝐹1

[
− 𝛼 − 2

2
, 1, −

(
𝑠

𝑙𝑖 (𝑅)

)2]
− 1

}
,

(17)

where

𝐶 =
8𝜋2𝑟2

𝑒𝜆
2Δ𝐿

𝜌 2𝛼−2(𝛼 − 2)
Γ
(
1 − 𝛼 − 2

2
) 𝐶2

𝑁
(𝑅)

(1 − 𝑓 2
𝑝 (𝑅)/ 𝑓 2)

, (18)

1𝐹1 is the confluent hypergeometric function, 𝑟𝑒 is the classical electron radius, 𝜆 is the observing
wavelength, 𝑅 is the heliocentric distance, Δ𝐿 is the thickness of the scattering medium, 𝜌 is the
axial ratio of the observed image, 𝑓𝑝 and f are the plasma and observing frequencies respectively.
A suitable reference baseline 𝑠𝑟 to define a function 𝐷th(𝑠)/𝐷th(𝑠𝑟 ) is selected. For a given value
of the inner scale 𝑙𝑖 , this is a function only of the baseline 𝑠. The value of 𝑙𝑖 that minimizes the
least squared difference between 𝐷th(𝑠)/𝐷th(𝑠𝑟 ) (Eq 17) and 𝐷obs(𝑠)/𝐷obs(𝑠𝑟 ) is regarded as our
estimate for the dissipation scale. A successful fit for the observation is shown in Figure 8. Results
for all our observations are listed in Table 2. The root mean square percentage difference between
𝐷th(𝑠)/𝐷th(𝑠𝑟 ) and 𝐷obs(𝑠)/𝐷obs(𝑠𝑟 ) for the estimated 𝑙𝑖 is listed. The red circles in figure 15
depict the estimated dissipation scale as a function of heliocentric distance and the error bars on the
red circles correspond to the fitting errors listed in a Table 2.

Similar attempts have been made in earlier studies. For instance, Coles and Harmon (1989a)
derived structure functions from radar observations, while Anantharamaiah et al. (1994) used those
obtained from imaging observations. However, both studies estimated the dissipation scale (𝑙𝑖)
by identifying a break between the asymptotic predictions for the 𝑠 ≪ 𝑙𝑖 and 𝑠 ≫ 𝑙𝑖 regimes of
the structure function. In contrast, our approach involves fitting the generalized structure function,
which incorporates both the asymptotic regimes (𝑠 ≪ 𝑙𝑖 and 𝑠 ≫ 𝑙𝑖) as well as the intermediate
transition region (𝑠 ≈ 𝑙𝑖), directly to the observed visibility data with 𝑙𝑖 treated as a fitting parameter.
This approach yields a significantly more accurate estimate of the dissipation scale.

7.2 Comparing with dissipation scale models

Most theoretical studies of solar wind turbulence particularly those that attempt to describe the
kinetic regime suggest that the turbulent spectrum steepens at what is commonly referred to as

2http://www.aips.nrao.edu/index.shtml
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the “proton scale.” This scale is interpreted differently in the literature: some associate it with the
proton inertial length, others with the proton gyroradius (e.g., Boldyrev et al. (2015)), and still
others propose that dissipation occurs over a range of scales (Told et al., 2015). The proton inertial
length model (e.g., Coles and Harmon, 1989a; Yamauchi et al., 1998a; Bruno and Trenchi, 2014b)
envisions resonant damping of protons on Alfvén waves, leading to the following expression for the
dissipation scale:

𝑙𝑖 (𝑅) = 𝑑𝑖 ≡ 𝑉𝐴/Ω𝑝 = 228 𝑁𝑒 (𝑅)−1/2 km , (19)

where 𝑉𝐴 is the Alfv́en speed, Ω𝑝 is the proton cyclotron frequency and 𝑁𝑒 (𝑅) is the electron
number density in cm−3 at a heliocentric distance 𝑅. The solid line in Figure 15 depicts the
prediction of the proton inertial length model with the electron density given by the model of
Leblanc (Leblanc et al., 1998). The proton gyroradius is given by

𝑙𝑖 (𝑅) = 102𝜇1/2𝑇𝑖 (𝑅)1/2𝐵(𝑅)−1 cm, (20)

where 𝜇 is the ratio of mass of ion to mass of proton (taken to be 1 for our purposes), 𝑇𝑖 is the
proton temperature in eV and B is the magnetic field in G. Note that two models for the heliospheric
magnetic fields were used: one for a nominal Parker spiral magnetic field in the ecliptic e.g.,
(Williams, 1995b),

𝐵(𝑅) = 3.4 × 10−5𝑅−2(1 + 𝑅2)1/2 Gauss, , (21)

where 𝑅 is the heliocentric distance in units of AU (1 AU = 215𝑅⊙), and one using extrapolations
using Helios observations (Venzmer and Bothmer, 2018),

𝐵(𝑅) = 1.089(0.0131 × 𝑆𝑆𝑁 + 4.29) × 𝑅−1.66 nT , (22)

where 𝑆𝑆𝑁 refers to the sunspot number on the day of observation. The dissipation scale as a
function of heliocentric distance, using the proton gyroradius prescription of Eqs. (20) and (21)
with a proton temperature of 105 K, is depicted by the red dashed line in Figure 15, while that using
the prescription of Eqs. (20) and (22) with a proton temperature of 106 K is depicted by the blue
dash-dotted line in Figure 15. Except for the first point (at 2.2 𝑅⊙), our estimates of the dissipation
scale are more consistent with the proton gyroradius interpretation than with that invoking the
proton inertial length. The estimated value of the dissipation scale for the VLA observation of
1430–155 at 2.2 𝑅⊙ is substantially larger than those for the GRAPH observations, which were
taken at larger heliocentric distances (Table 2). There are three points to note in this connection.
First, the sunspot number corresponding to the day of the VLA observation was larger than those
for the GRAPH observations (Table 2). Second, the source 1430–155 was located much closer to
the solar south pole than the Crab Nebula, suggesting that radiation from 1430–155 predominantly
sampled turbulence in the fast solar wind, while the Crab Nebula observations sampled mostly slow
solar wind turbulence. Finally, the short-baseline coverage (ranging from a few hundred meters
to a few kilometers) for the VLA A-array, with which the observations of 1430–155 were made,
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S. Date Source R Phase of the 𝑙𝑖 RMSE
No. Name (𝑅⊙) SSN solar cycle (meter) (%)
(1) (2) (3) (4) (5) (6) (7) (8)
1 1988 Nov 02 1430-155 02.5 143 Ascending 13500 2.7
2 2016 Jun 18 Crab 13.46 47 Descending 560 3.67
3 2016 Jun 19 Crab 16.83 50 Descending 600 2.34
4 2016 Jun 20 Crab 20.27 36 Descending 770 3.53
5 2017 Jun 10 Crab 17.68 0 Descending 590 2.0
6 2017 Jun 12 Crab 10.97 0 Descending 520 5.1

Table 2: Column 2 lists the date on which the scatter-broadened source was observed. Column 3 lists the
source name and column 4 shows the projected heliocentric distance in units of the solar radius. Column 5
and 6 list the total sunspot number and phase of the solar cycle on that day. Column 7 lists the estimated
dissipation scale length in meters while column 8 lists the percentage root mean square error (RMSE)
associated with this estimate. 2017 Jun 10 and 12 were sun-spotless days, hence the zeroes corresponding to
those days in column 5.

is much sparser than that for the GRAPH. The relative lack of data points at short spacing tends
to bias the model-fitting procedure toward higher values of 𝑙𝑖 . Therefore, SKA-low and SKA-mid
play a crucial role in full fill the requirement of the short baselines so that we can precisely find the
inner scale lengths.

Figure 8: The circles indicate 𝐷obs (𝑠)/𝐷obs (𝑠𝑟 ) for the Crab Nebula observed on 18 June 2016, the radio
image. The solid line represents 𝐷th (𝑠)/𝐷th (𝑠𝑟 ) (Eq 17) for 𝛼 = 3 and the dissipation scale 𝑙𝑖 = 560 m. The
average rms error between the model fit (solid line) and the visibility data (circles) is 3.67%
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Figure 9: The dissipation length (𝑙𝑖) of density turbulence in the solar wind as a function of projected
heliocentric distance in units of 𝑅⊙ . The red circles indicates the dissipation scale lengths derived from
the observations. The solid line indicates the prediction of proton inertial length model. The dashed line
indicates the proton gyroradius computed using a temperature of 105 K and the Parker spiral magnetic field
model (Williams, 1995b), while the dash-dotted line indicates the proton gyroradius using a temperature of
106 K and the magnetic field model of Venzmer & Bothmer (Venzmer and Bothmer, 2018).

8 Observations through streamers

The radio observations were carried out with the Gauribidanur Radioheliograph (GRAPH; Ramesh
et al. (1998); Ramesh (2011)) at 80 MHz during the local meridian transit of the Crab Nebula.
The GRAPH is a T-shaped interferometric array with baselines ranging from approximately 80 to
2600 m. It provides an angular resolution of about 5 arcmin at 80 MHz, and a minimum detectable
flux density of roughly 50 Jy (at the 5𝜎 level) for an integration time of 1 s and a bandwidth
of 1 MHz. Cygnus A, with a flux density of approximately 16,296 Jy at 80 MHz, was used
for calibration. The flux density of the Crab Nebula when observed far from the Sun and thus
unaffected by coronal scattering is about 2015 Jy at 80 MHz. The Crab Nebula was imaged at
different projected heliocentric distances, listed in column (3) of Table 3, during the years 2016 and
2017.

White-light images of the solar corona obtained with the Large Angle and Spectrometric Corona-
graph (LASCO) onboard the Solar and Heliospheric Observatory (SOHO; Brueckner et al. 1995)
were used to provide general context and to identify large-scale coronal features such as streamers.
Figure 10 displays LASCO C3 (left) and C2 (right) images of the solar corona observed on 17 June
2016. The dark structures in both inverted grayscale images correspond to coronal streamers. The
apparent positions of the Crab Nebula between 8 and 21 June 2016 are indicated by red circles on the
LASCO C3 images. On 17 June 2016, the Crab Nebula was seen through a streamer located in the
south-west quadrant. This streamer was associated with the active region NOAA 12555, centered
at heliographic coordinates S09W71. The contours overlaid on the LASCO C2 image represent
80 MHz radio emission from the Gauribidanur Radioheliograph, showing enhanced emission from
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Figure 10: The left panel shows the SOHO/LASCO C3 image of the solar corona (inverted grey scale image)
observed on 17 June 2016 at 06:30 UT. The innermost black circle depicts the solar disk (radius = 1 𝑅⊙). The
next concentric circle is the occulting disk of the coronagraph and its radius is 3.5 𝑅⊙ . The outermost circle
marks a heliocentric distance of 30 𝑅⊙ . In both the images, the black features are coronal streamers. Solar
north is up and east is to the left. The small circles superposed on the image represent the location of the Crab
nebula on different days during the period 8 June 2016 to 21 June 2016. Its closest approach to the Sun is on
14 June 2016 at a heliocentric distance of ≈ 5 𝑅⊙ . The coronal streamer in the south-west quadrant occults
the Crab nebula on 17 June 2016 at a projected heliocentric distance ≈ 10.2 𝑅⊙ . The position angle (PA,
measured counterclockwise from north) of the streamer is ≈ 235◦. Right panel shows the SOHO/LASCO
C2 image of the solar corona (inverted grey scale) on 17 June 2016 at 06:36 UT. The red contours represent
observations of the solar corona using the GRAPH at 80 MHz. The elongated radio contours correspond to
emission from the streamers.

streamers in both the north-east and south-west quadrants.

Representative 80 MHz GRAPH images of the Crab Nebula are shown in Figure 11. The image from
12 June 2016 corresponds to an ingress observation through the solar wind at a heliocentric distance
of 10.18 𝑅⊙. The image on 17 June 2016 was obtained at 10.20 𝑅⊙, while those on 17 and 18 June
2017 correspond to 9.41 𝑅⊙ and 12.61 𝑅⊙ during egress, respectively. On 17 June 2016 and again
on 17–18 June 2017, the Crab Nebula was occulted by coronal streamers. These scatter-broadened
images exhibit pronounced anisotropy—a feature previously reported for the Crab Nebula (Blesing
and Dennison, 1972; Dennison and Blesing, 1972) and other compact radio sources (Armstrong
et al., 1990; Anantharamaiah et al., 1994). The major axis of the broadened images is consistently
oriented perpendicular to the heliocentric radial direction, which is generally assumed to trace the
magnetic field direction at these heliocentric distances. The parameters corresponding to all Crab
Nebula observations in 2016 and 2017 are summarized in Table 3.

Figure 12 indicate the observed peak flux density of the Crab nebula with respect to its projected
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Figure 11: The image on 12 June 2016 shows the angular broadened Crab nebula at a heliocentric distance
of 10.18 𝑅⊙ during its ingress into the inner solar wind. The images on 17 June 2016 (at 10.2 𝑅⊙), 17
(9.41 𝑅⊙) and 18 June 2017 (12.61 𝑅⊙) depict the angular broadened Crab nebula observed through coronal
streamers during its egress from the solar wind. The arrows depict the sunward direction on each day. The
major axis of each image is perpendicular to the magnetic field lines, which are directed radially outward
from the Sun.

heliocentric distance. The red circles and blue squares are for the 2016 and 2017 observations
respectively. Note that, in a given year the data points obtained during ingress and egress were
plotted together with the (projected) heliocentric distance.

The observations within the shaded region in Figure 12 correspond to periods when the Crab nebula
was occulted by a coronal streamer. The peak flux density during these instances is noticeably lower
than that observed at similar heliocentric distances when the Crab nebula was not occulted by a
streamer. This reduction can be attributed to the line of sight intersecting a greater amount of coronal
plasma during streamer occultation, resulting in enhanced scatter broadening. Consequently, the
source appears more extended, leading to a decrease in the observed peak flux density.
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Figure 12: Peak flux density of the Crab nebula on different days of June 2016 is shown in red circles and
2017 in blue squares. The red and blue data points shown in the shaded area show instances when the Crab
nebula was observed through a streamer in 2016 and 2017 respectively.

9 Observations through CMEs

Low-frequency radio observations of the occultation of the Crab Nebula by the slow Coronal Mass
Ejection event of 1997 June 2 were used to infer the physical properties of the CME at a heliocentric
distance of approximately 41 𝑅⊙. The observed angular broadening of the radio source is interpreted
as being primarily caused by scattering due to plasma density inhomogeneities within the CME.
Using such observations electron density of the CME was estimated and it was about 50 times greater
than that of the surrounding coronal plasma at the same distance which is approximately 200 cm−3;
Leblanc et al. 1998. Further mass of the CME was inferred and mass is in good agreement with
the values reported for some white-light CMEs at large heliocentric distances based on LASCO
observations Vourlidas et al. 2000, and supports the view that slow CMEs generally possess smaller
masses (Gothoskar and Rao, 1999). These results demonstrate that such occultation measurements
can provide an independent and complementary approach to investigating the connection between
energetic phenomena in the solar atmosphere and the associated disturbances in the interplanetary
medium. Figure 14 shows the scatter broadened image when there was a foreground CME at a
distance of 41𝑅⊙.

10 High frequency observations

Very Large Array (VLA) observations in A configuration at wavelengths of 2, 3.5, 6, and 20 cm,
shown the angular broadening of radio sources caused by the solar wind in the heliocentric distance
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Figure 13: The variation of the density modulation index (red circles) and the solar wind proton heating rate
(blue squares) with projected heliocentric distance. We note that the proton heating rate is correlated with
the density modulation index.

range of 2–16 𝑅⊙. The observed angular broadening is anisotropic, with axial ratios ranging from 2
to 16. Larger axial ratios are preferentially detected at smaller solar elongations. Assuming that the
anisotropy arises from scattering irregularities elongated along magnetic field lines, the distribution
of position angles of the elliptically broadened images suggests that the magnetic field lines remain
non-radial even at the largest heliocentric distances probed.Assuming a power-law spectrum for the
electron density fluctuations, the fitted spectral indices lie in the range 2.8–3.4 for spatial scales
between 2 and 35 km.

11 Turbulence Regimes in Cometary Plasma Tails

The random intensity fluctuation observed in signals received from a distant compact radio source,
referred to as interplanetary scintillation (IPS, Hewish et al. (1964)), is due to diffraction and scat-
tering caused by the turbulent and refracting solar wind plasma variations. IPS observations have
allowed us to explore the solar wind throughout the inner heliosphere for several decades. Partic-
ularly, IPS observations at 327 MHz, facilitated by the action of the Fresnel filter, usually allow
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S.No Date R Peak flux density 𝜌 𝜖𝑁𝑒
Heating rate

(R⊙) (Jy) (erg cm−3 s−1)
(1) (2) (3) (4) (5) (6) (7)

Line of sight to the Crab does not include a streamer
1 12 June 2016 10.18 1349 1.48 2.9E-3 3.9E-12
2 18 June 2016 13.46 1473 1.76 5.3E-3 1.0E-11
3 19 June 2016 16.83 1546 1.69 7.7E-3 1.9E-11
4 20 June 2016 20.27 2003 1.98 1.9E-3 2.2E-13
5 09 June 2017 21.13 2015 1.48 - -
6 10 June 2017 17.68 1732 1.57 6.2E-3 9.2E-12
7 12 June 2017 10.97 1386 1.50 3.4E-3 4.7E-12
8 22 June 2017 26.34 2015 1.40 - -

Line of sight to the Crab includes a streamer
9 17 June 2016 10.20 845 2.44 - -
10 17 June 2017 9.41 901 2.51 - -
11 18 June 2017 12.61 800 1.65 - -

Table 3: The table describes the observational quantities and the derived plasma parameters in the solar
wind.

Figure 14: Radio map of the Crab nebula obtained on 1997 June 4 with the CME is in the foreground at a
heliocentric distance of 41𝑅⊙ .
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Figure 15: Sample radio maps of different sources observed using VLA in A-configuration.

the tracking of solar wind electron density variations with scale sizes ≤ 103 km over heliocentric
distances of 0.26 to 0.82 AU in the inner heliosphere (Pramesh Rao et al., 1974). IPS observations
have been instrumental in measuring solar wind velocity (Coles, 1996; Manoharan and Ananthakr-
ishnan, 1990; Kojima and Kakinuma, 1990), and also, the scintillation level measured using IPS
acts as a perfect proxy for density variations in the inner heliospheric wind (Hewish et al., 1985).
Thus, whenever interplanetary disturbances containing enhanced or depleted rms electron density
fluctuations compared to the background solar wind cross the line-of-sight (LOS) to the observed
source, they exhibit themselves as changes in the scintillation levels (m). In other words, whenever
turbulence levels change in the solar wind, they will be reflected in IPS measurements as changes
in m.

IPS has been demonstrated to be a very efficient way to detect and characterize sub-arcsecond
structures in radio sources. Assuming a Gaussian brightness distribution for the compact component
of the radio source, the systematic variation of 𝑚 with 𝜖 in the weak scattering region can be used
as an indicator of angular source size of scintillating radio source. An independent method of
estimating angular diameter is based on fitting the observed IPS power spectra with solar wind
parameters including the radial speeds, the strength of scintillation, inner and outer scales, power
law index of density fluctuations along with the angular size of a scintillating component of the
radio sources.
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IPS is so sensitive to even small changes in density variations that it has been used to probe den-
sity fluctuations in tenuous cometary ion tails downstream of the comet nucleus. For example,
enhanced scintillation levels were reported in comets Kohoutek (Ananthakrishnan et al., 1975),
Halley (Alurkar et al., 1986; Slee et al., 1987; Janardhan et al., 1992), Wilson (Slee et al., 1990),
Austin (Janardhan et al., 1991), Schwassmann-Wachmann 3-B (Roy et al., 2007), ISON (C/2012 S1)
(Iju et al., 2015), and Neowise (C/2020 F3) (Fallows et al., 2022). Suppose density fluctuations sim-
ilar to that in the solar wind plasma also exist in cometary plasma tails. In that case, the occultations
of a compact radio source by the comet’s plasma tail would produce enhanced scintillation similar
to the IPS. However, comet observations with no enhanced scintillation level were also reported for
comet Halley (Ananthakrishnan et al., 1987; Hajivassiliou and Duffett-Smith, 1987). This negative
result was due to the fact that the cometary plasma tails get deflected from the true solar radial
direction and lie along the resultant of the solar wind velocity vector and the comet velocity vector.
This deflection, known as the tail lag, can be of the order of 3 degrees and if not accounted for the
occultation event can be entirely missed. Later, it has been shown conclusively (Slee et al., 1990)
that the cometary plasma tail contains a higher turbulence level than the normal solar wind and
produces enhanced scintillation. Recently, a detailed occultation observation of a compact radio
source by the plasma tail of comet C/2020 F3 (Neowise) was carried out with the Low-Frequency
Array (LOFAR) (Fallows et al., 2022). The compact radio source 3C196 was almost perpendicu-
larly behind the tail, providing a unique profile that showed unequivocally enhanced scintillation.
Fallows et al. (2022) suggested that the enhanced scintillation was due to the scattering through
the comet’s plasma tail. Enhanced scintillation in the direction of a quasar has been reported
at 103 MHz for comet Halley (Alurkar et al., 1986, Janardhan et al 1992) and for comet Austin
during cometary tail occultations of strong radio quasars. It is important to note here that enhanced
scintillation from cometary tail plasma can be observed only when the solar wind contribution is
very low. Such a situation arises at large solar elongations when the solar wind contribution to the
scintillation is small. The solar elongation during the observation was more than 60◦ (Janardhan
et al., 1991), highlighting the importance of ensuring the proper occultation geometry of the radio
sources. The power spectra obtained by the occultation observation of 3C196 (Fallows et al., 2022)
showed the dual contributions from the solar wind and the plasma tail, illustrating the necessity
for simultaneous data from multiple observations of additional radio sources not occulted by the
plasma tail to separate the contributions of solar wind and plasma tail. Thus, more such occultation
observation of compact radio sources through the cometary plasma tail is required.

Comet occultation observations are rare. However, recently such opportunity arised to observe
occultations of compact radio sources when Comet C/2023 A3 (Tsuchinshan-ATLAS) C/2025 N1
(3I/ATLAS) approached close to the Sun during September-October 2024 and October 2025. We
wished to use the uGMRT facility, an interferometer, to observe the compact radio sources through
the comet’s tail using interferometric and phased array modes. Plasma density inhomogeneities in
the solar wind scatter radio waves from compact radio sources and produce IPS. The occultation
of compact radio sources by the comet’s plasma tail will provide an excellent opportunity to use
this phenomenon to probe turbulent density structure and dynamics in cometary ion tails. The
confusion surrounding the contributions to enhanced scintillation can be unambiguously identified
for the comet tail and separated from contributions from the solar wind in which it sits. Enhanced
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scintillation identified in the case of occultation observation of 3C196 by the plasma tail of comet
C/2020 F3 (Neowise) (Fallows et al., 2022) was attributed to the strong turbulence along the tail
boundary, which is due to the substantial velocity shear exists between the tail boundary and the
surrounding solar wind. One of our objectives will be to verify the turbulence nature in the plasma
tail and find the reason behind it. Using the interferometric mode data obtained with the uGMRT,
we wish to produce spatial correlation images that would further confirm the tail as the source of
the enhanced scintillation.

Using the regular IPS observations or the target of opportunity observations such as comet obser-
vations can be used for the estimation of angular source size of the radio sources. The size of
compact radio sources can be determined by the interferometric observations obtained using the
uGMRT. The size of a compact radio source can also be determined by systematically studying
the behavior of the scintillation index (m) with solar elongation (𝜖). The scintillation index (m)
depends upon various factors such as observing frequency, elongation, the brightness distribution
of the source B(𝜃, 𝜙), and the conditions in the interplanetary medium (IPM). However, at any given
solar elongation a compact source will scintillate more that an extended source. Thus, a plot of m
Vs elongation will be unique for a given souce size. This fact can be used to determine the angular
sizes of radio sources using long-term IPS observations.

However, the apparent angular size of a compact radio source may appear significantly larger than
its intrinsic size due to scattering effects in the interstellar medium. The apparent size 𝜃𝐴 of a radio
source can be thought of as composed of two components, one as the intrinsic source size 𝜃𝐼 and
one additional component 𝜃𝑆 , arising due to scattering effects in the interstellar medium. Now the
apparent size can be expressed as,

𝜃2
𝐴(𝜈) = 𝜃2

𝐼 (𝜈) + 𝜃2
𝑆 (𝜈) (23)

Since 𝜃𝐼 is the intrinsic size of the source, it will be independent of the frequency and then the above
equation can be used to estimate the angular broadening. Now, if we measure 𝜃𝐴 at two different
frequencies 𝜈1 and 𝜈2, then angular broadening can be estimated as follow,

𝜃2
𝐴(𝜈1) − 𝜃2

𝐴(𝜈2) = 𝜃2
𝑆 (𝜈1) − 𝜃2

𝑆 (𝜈2)

𝜃2
𝐴(𝜈1) − 𝜃2

𝐴(𝜈2) = 𝜃2
𝑆 (𝜈1) [1 −

𝜃2
𝑆
(𝜈2)

𝜃2
𝑆
(𝜈1)

]

𝜃2
𝐴(𝜈1) − 𝜃2

𝐴(𝜈2) ≈ 𝜃2
𝑆 (𝜈1) (24)

using the values of apparent source sizes at 103 MHz at 𝜈1 and at 151.5 MHz 𝜈2, the angular
broadening was estimated at 103 MHz by (Janardhan and Alurkar, 1993). They concluded that
interstellar scattering at 103 MHz is 0.07 ± 0.01, which is consistent with expectations from earlier
studies at this frequency.
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In summary, meter wavelength observations of cometary ion tail occultations of compact, extra-
galactic radio sources on a number of comets like Kohoutek, Halley, Wilson, Austin, and Neowise
have led to a number of new insights into the nature of cometary tail plasma, well downstream of the
cometary nucleus. In addition, comet Halley was observed at two different observing frequencies
and when it was both close to the sun (0.2 AU and observed at 327 MHz) and far from the sun (1
AU and observed at 103 MHz). Collectively these observations have established the following – 1)
Enhanced scintillations due to cometary ion plasma can only be observed under specific conditions
of occulting geometry viz. at large solar elongations or large distances from the sun, when the
solar wind contribution to the scintillation is very low. 2) Due to the comets velocity, in its path
around the sun, and the radially directed solar wind, the position angle of the comets tail axis can
be deflected by as much as 5𝑜 (Belton and Brandt, 1966) from the true radial direction. Accounting
for this tail lag is important as the occultation can be entirely missed if this so called ‘tail-lag’ is not
considered while computing occultation times. 3) Finally, such observations, which happen very
rarely, have shown the existence of two distinct turbulence regimes in cometary tail plasma. One
a small scale turbulence of 10 km to 40 km near the tail axis and a large scale turbulence of 100
km to 300 km at the edge or transition region where the cometary tail plasma merges with the solar
wind. Correspondingly the rms electron density fluctuations in the two cometary regimes varied
from around 0.4 𝑐𝑚−3 to 5.0 𝑐𝑚−3 respectively, a change of about an order of magnitude between
the tail axis and the edge of the tail.

12 Role of the SKAO on Occultation Observation

As noted earlier, the SKAO is expected to offer a substantial enhancement over the capabilities of
existing instruments, as well as its precursor and pathfinder facilities. By providing the sensitivity
and imaging capability necessary to observe a large number of ecliptic sources in the solar vicinity
at any given time, the SKAO will enable a new class of heliospheric and space weather studies.
These observations will complement existing information derived from interplanetary scintillation
(IPS) and heliospheric imaging, both under quiescent conditions and during dynamic events such
as streamers, interaction regions, and coronal mass ejections (CMEs).

Such measurements will offer an unprecedented opportunity to characterize the turbulent coronal
and solar wind plasma, as well as the associated magnetic fields, thereby contributing significantly
to our understanding of solar wind heating and acceleration. The solar wind serves as an excellent
natural laboratory for investigating the properties of magnetohydrodynamic (MHD) turbulence.
Using radio occultation observations, it will be possible to explore several key aspects, including:

• Investigating the compressibility of solar wind turbulence.

• Quantifying the role of radio wave scattering in producing the reduced quiet-Sun brightness
temperatures observed at low radio frequencies.

• Examining how solar wind turbulence influences the origin, coronal propagation, and ap-
parent angular sizes of solar radio burst sources. Disentangling propagation effects from
intrinsic source characteristics will enable a deeper understanding of the underlying emission
mechanisms.
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• Determining the range of inner (dissipation) scales present in the solar wind. In order to
fit the theoretical GSF profile, we need short base line observations which fulfilled by the
SKAO.

• Magnetic fields and magnetic field topology of the solar corona and solar wind by knowing
the orientation of the semi major axis of the scatter broadened sources.

• Anisotropic behaviors of the solar corona and solar wind.

• Understanding the influence of turbulence on the propagation of Solar Energetic Particles
(SEPs) through the heliosphere.

• Radio occultation observations through coronal mass ejections and streamers will enable us
to understand the various properites of them.

• Long-term observations will allow us to investigate the properties of turbulence in the solar
corona and their dependence on heliocentric distance, both in equatorial and polar regions.
In other words, we will be able to probe turbulence characteristics in both the slow and fast
solar wind.

• Turbulence levels in the cometary tails is another unique observational goals of SKAO.

• Density fluctuations inferred from the solar radio bursts observations in the solar corona can
be used to derive the plasma heating rates (Kontar et al., 2025).

• High frequency angular broadening of SKAO will enable us to understand the innner scales
close to the solar disk.

• Performing detailed comparisons of turbulence parameters derived from independent remote-
sensing techniques such as radio occultation with in-situ measurements from missions like
Parker Solar Probe, Solar Orbiter, and future space-based observatories.

The Square Kilometre Array Observatory will provide a transformative, unified view of solar wind
turbulence and radio-wave propagation by combining ultra-high sensitivity, dense baseline coverage
(including short baselines), and wideband imaging spectroscopy. It will enable precise quantifica-
tion of the compressibility and anisotropy of turbulence, while simultaneously constraining density
fluctuation spectra, inner (dissipation) scales, and their radial evolution through scattering, scintil-
lation, and angular broadening measurements. By disentangling propagation effects from intrinsic
emission, SKAO observations of solar radio bursts will refine our understanding of particle acceler-
ation and emission mechanisms, and allow accurate inference of plasma heating rates. High-fidelity
measurements of radio-wave scattering will resolve the long-standing issue of reduced quiet-Sun
brightness temperatures at low frequencies. By knowing the semi-major axis of the solar corona,
SKAO will be able to map the magnetic field strength and topology of the corona and solar wind.
Radio occultation observations via CMEs, streamers, and even cometary tails will probe their inter-
nal structure and turbulence levels. Furthermore, by linking turbulence properties to the transport of
Solar Energetic Particles (SEPs), SKAO will bridge plasma turbulence and space weather physics.
Crucially, these remote-sensing diagnostics, when combined with in-situ measurements from mis-
sions such as the Parker Solar Probe and Solar Orbiter, will enable a self-consistent, multi-scale
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understanding of heliospheric plasma, marking a major step forward in solar and space physics.
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