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Angular broadening with SKA P Zhang

Angular broadening observations of compact radio sources provide a powerful
method for probing the solar corona and solar wind. These observations enable
the study of various properties such as the phase structure-function, amplitude of
turbulence, middle-scale density variations, solar wind heating rates, and dissipa-
tion scales. When a compact radio source is observed through the solar coronal
plasma, it can result in several observable effects: 1. The size of the radio source
increases due to scattering by the turbulent plasmas in the solar corona or solar
wind, known as angular or scatter broadening. 2. The flux density of the source
drops due to scattering and absorption. 3. Further, the observed angular broad-
ening exhibits anisotropy, which reflects the anisotropic nature of the coronal and
solar wind turbulence responsible for the scattering. 4. The position angle (PA)
of the observed anisotropies, measured from north through east, can help infer
the orientation of the magnetic field within the solar corona. These phenomena
provide insights into the physical processes governing the solar wind and its in-
teraction with electromagnetic waves, offering constraints on coronal turbulence
and magnetic field configurations. Currently, we have a limited number of stud-
ies on the angular broadening, and mostly on very bright sources such as Tau-A.
However, it is expected that the SKA’s unprecedented resolution and sensitivity
will provide many more radio source candidates, thereby offering greater insights
into our understanding of the solar corona, solar wind, and the heliosphere.
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1 Introduction

The higher corona and the inner heliosphere (2-50 𝑅⊙) plasma parameters are difficult to mea-
sure either remotely or in situ. Spacecraft traverse only limited heliocentric distances and latitudes
and can only provide measurements at given locations, while optical observation diagnostics often
suffer from the low emissivity of this region. Angular broadening observations of compact back-
ground radio sources (conceptual geometry shown in Figure 1) provide a complementary and pow-
erful approach: phase fluctuations imposed by coronal/solar-wind turbulence blur and anisotrop-
ically stretch the apparent images of distant sources, allowing the density–fluctuation spectrum,
anisotropy, and its evolution with heliocentric distance to be inferred directly along the line of
sight. Recent analyses have shown that the observed source shapes and their position-angle align-
ment are well explained by anisotropic scattering in magnetized turbulence, with the elongation
tracing the projected coronal field direction (e.g. Kontar et al., 2019, 2023). The measurements
of the broadened size, axial ratio, and orientation—tracked as a function of relative location of the
Sun—become quantitative probes of the fluctuation amplitude and profile and the dissipation (inner)
scale of turbulence.

The feasibility and value of angular-broadening measurements have been demonstrated over six
decades of observations. Pioneering interferometric experiments already showed fringe suppres-
sion of the Crab Nebula near solar conjunction (panel A Fig 2; Hewish and Wyndham 1963) and
motivated an anisotropic-scattering picture in the magnetized corona (panel B Fig 2; Hewish 1958).
At low radio frequencies, a large fraction of campaigns have targeted Tau A (Crab Nebula) because
of its exceptional brightness and its annual passage close to the Sun, which provides a compact,
stable beacon for scattering experiments. Meter–decameter observations have mapped the growth
of the Crab Nebula’s apparent size and its strong anisotropy versus solar elongation and position an-
gle, and have tracked the associated flux depression during ingress/egress. Recent imaging further
resolves the evolving, elongated Crab Nebula near conjunction and relates it to contemporaneous
coronal structure (panel C; Zhang et al. 2025). Taken together, these studies show that (i) the ob-
servables are robust with high-fidelity, direction-dependent calibration; (ii) the anisotropy position
angle closely follows the large-scale coronal magnetic-field orientation; and (iii) multi-epoch, multi-
source campaigns can recover the radial evolution of the turbulence spectrum and inner (dissipation)
scale. T

The Square Kilometre Array (SKA) now offers a significant step forward. The dense core improves
the visibility sampling of scatter-broadened structures, while the long baselines are more sensitive
to the small angular structures that may be intrinsic. Together, these features enable precise char-
acterization of the coronal scattering profile, anisotropy, and turbulence spectrum. The increased
sensitivity enables detection of weaker and more distant compact sources, thereby improving the
constraints on turbulence and scattering. Measurements with the AAVS2 prototype station and end-
to-end simulations indicate array sensitivities of order 𝐴eff/𝑇sys ∼ 103m2K−1 under cold-sky con-
ditions in the 70 MHz to 160 MHz range (Macario et al., 2022; Sokolowski et al., 2021). SKA-Mid,
operating at higher frequencies (350 MHz to 15 GHz), extends the capability for coronal and solar-
wind angular-broadening studies to higher angular resolution and probes smaller inner turbulence
scales. Its increased sensitivity and longer baselines will enable angular broadening and scattering
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Figure 1: Concept demonstration of angular broadening observation for the turbulence in the plasma of the
corona and solar wind. Rays from a compact background source (right) propagate along the line of sight pass
the corona then reach the observer (left figure adapted from Kontar et al. 2023). Density fluctuations from
MHD turbulence on the line of sight will convert the point-like source into a broadened, elongated image,
as shown on the right side of the figure. SKA-Mid covers 2-10 𝑅⊙ corona, and SKA-Low covers 5-50 𝑅⊙
corona.

measurements of compact sources in regions farther from the Sun and at different coronal heights,
complementing the capabilities of SKA and providing a broader frequency baseline for character-
izing solar and heliospheric turbulence. This capability greatly benefits angular-broadening experi-
ments: measurements are limited by calibration and dynamic range rather than thermal noise in the
vicinity of the Sun, allowing deeper direction-dependent calibration and solar peeling. The dense
𝑢𝑣 sampling and long baselines resolve sub-arcminute, anisotropically broadened shapes. These ad-
vances allow routine, high-cadence, multi-source measurements of coronal/solar-wind turbulence
with SKA.

In this paper, we assess the prospects for SKA angular-broadening studies. Section 2 presents the
theoretical foundation and corresponding observables of angular broadening observations. Section
3 quantifies background-source availability along the Sun’s annual track using low-frequency sky
surveys. Section 4 translates SKA station/array sensitivities into image-domain RMS limits and
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Figure 2: Previous studies in angular-broadening studies of background sources near the Sun. (A) Early
interferometric detections of the Crab Nebula scattering at 38 MHz (Hewish and Wyndham, 1963) showing
baseline-dependent fringe suppression near solar conjunction. (B) Concept sketch of anisotropic coronal
scattering whose elongation follows the coronal magnetic field (Hewish, 1958). (C) Recent low-frequency
imaging example (36 and 73 MHz): the Crab’s apparent size and orientation evolve as it approaches the Sun
(top), with contemporaneous coronagraph context at comparable elongations (Zhang et al., 2025). Together,
these panels trace the historical to current evidence for strong, anisotropic coronal/solar-wind scattering.

dynamic-range requirements in solar proximity, accounting for the elevated 𝑇sky and solar contam-
ination. Section 6 the observation plans and strategies according to Sections 3 and 4.

2 Angular broadening observables

For a compact, far-field radio source, the signals received by an interferometer (two antennas) on a
projected baseline s traverse the scattering medium along lines of sight separated by exactly the same
distance 𝑠 = |s|. Density irregularities introduce phase fluctuations 𝜙(r), and the relevant statistical
quantity is the phase structure function 𝐷𝜙 (s) ≡

⟨
[𝜙(r + s) − 𝜙(r)]2⟩ . The mutual coherence of

the wavefield measured by the interferometer is Γ(s) = 𝑉 (s)/𝑉 (0) = exp(−𝐷𝜙 (s)/2) so a single
complex visibility at baseline 𝑠 is a direct probe of 𝐷𝜙 (𝑠) (Coles and Harmon, 1989). With sufficient
instantaneous S/N, the correlated amplitude and phase on individual baselines allow the structure
function to be measured directly, providing access to the turbulence amplitude 𝐶2

𝑁 , spectral index
𝛼, and the inner scale 𝑙𝑖 through the form of General structure function (GSF) Ingale et al. (2015)
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𝐷𝜙 (𝑠):

𝐷𝜙 (𝑠, 𝜆) = 8𝜋2𝑟2
𝑒𝜆

2
∫ [

1 − 𝑓 2
𝑝 (𝑅)
𝑓 2

]
𝐶2
𝑁 (𝑅)K𝛼

(
𝑠

𝑙𝑖 (𝑅)

)
𝑑𝑅, (1)

Longer baselines probe large-scale density fluctuations, while shorter baselines sample the turnover
imposed by the inner scale; together, the multi-baseline visibility function constrains the full radial
turbulence profile Coles and Harmon (1989).

Multiplication of the visibility by Γ(s) is equivalent, to a convolution of the intrinsic sky brightness
𝐼0(𝜽) with a scattering kernel 𝐺, with Fourier transform:

𝐼 (𝜽) = 𝐼0(𝜽) ∗ 𝐺 (𝜽), 𝐺 = F −1 [Γ(s)] .

Thus, the observed image encodes the same physical information as the visibility-domain coherence
function. In the special and observationally common case where 𝐷𝜙 (𝑠) ∝ 𝑠2 the coherence function
is Gaussian, Γ(𝑠) = exp(−𝑎𝑠2) and hence the scattering kernel 𝐺 (𝜃) is exactly Gaussian. In this
regime, the broadened source size (FWHM or second moment), axial ratio, and position angle
provide a complete description of the scattering, and directly trace the turbulence amplitude and its
anisotropy relative to the coronal magnetic field.

2.1 The anisotropic of turbulence and magnetic field orientation.

Simulation-constrained values 𝑘 ∥/𝑘⊥ ∼ 0.25–0.4 reproduce observed sizes, time profiles, and ap-
parent motions of near-Sun sources, and provide a forward-modeling link from measured (𝑒, PA)
to the anisotropic turbulence spectrum and the heliospheric magnetic-field geometry (Kontar et al.,
2023).

2.2 Meso- to large-scale density structures: higher moments and centroid shifts

Meso- to large-scale coronal structures—such as streamers, coronal-hole boundaries, and other re-
fractive gradients that act on scales much larger than those that produce scattering broadening.
These low-𝑘 fluctuations manifest in images as centroid shifts, asymmetric brightness profiles, and
non-Gaussian higher moments. In the visibility domain they appear as smooth, baseline-dependent
departures from a single-power-law structure function 𝐷𝜙 (𝑠). Because refractive effects evolve
slowly and scale weakly with frequency, measurements of centroid shifts, skewness, and kurto-
sis provide a complementary diagnostic of mesoscale coronal structure. Together with visibility-
derived turbulence parameters, these moments link small-scale scattering to broader density inho-
mogeneity along the line of sight.

2.3 Moment-ordered source measurements

As SKA’s primary data product will be images, and the broadened radio source can be resolved
in unprecedented detail. To make the standard observation products interpretable, we propose or-
ganizing them in the logical order of image moments, from the most basic (flux & position) to
progressively higher shape descriptors.

6



Angular broadening with SKA P Zhang

Source moments order: Let 𝐼 (𝑥, 𝑦) be the sky intensity on a pixel grid (or continuous field).
Define raw moments 𝑀𝑝𝑞 =

∑
𝑥,𝑦 𝑥

𝑝𝑦𝑞 𝐼 (𝑥, 𝑦) and the total flux 𝑀00 =
∑

𝑥,𝑦 𝐼 (𝑥, 𝑦). Centralize
with the centroid 𝑥 = 𝑀10/𝑀00, 𝑦̄ = 𝑀01/𝑀00 and let 𝜇𝑝𝑞 =

∑
𝑥,𝑦 (𝑥 − 𝑥) 𝑝 (𝑦 − 𝑦̄)𝑞 𝐼 (𝑥, 𝑦) denotes

central moments.

Figure 3: Concept demonstration of the higher order moments of the scattering kernel: 1st order (position
offset), 2nd order (elongation), 3+ order (skew, kurtosis, and so on)

1: Position and total flux:

𝑀00 =
∑
𝑥,𝑦

𝐼 (𝑥, 𝑦), (𝑥, 𝑦̄) =
(𝑀10

𝑀00
,
𝑀01

𝑀00

)
.

2: Size (FWHM) via a 2D Gaussian model: Use the 2 × 2 covariance from the second central
moments

Σ =
1

𝑀00

[
𝜇20 𝜇11

𝜇11 𝜇02

]
.

Diagonalize Σ to obtain 𝜎maj, 𝜎min and the orientation 𝜃. Report Gaussian FWHM along the
principal axes:

FWHMmaj,min = 2
√

2 ln 2 𝜎maj,min.

3+: Asymmetry/peakedness (skewness and kurtosis): Project onto the major axis coordinate
and compute 1D central moments 𝜇𝑘 =

∑
𝐼 (𝑡 − 𝑡)𝑘/𝑀00:

Skewness 𝛾1 =
𝜇3

𝜇3/2
2

, Kurtosis (excess) 𝛾2 =
𝜇4

𝜇2
2
− 3.

Table 1: Moment-ordered measurements.

Level Definition (equation) Description
1 𝑀00 =

∑
𝐼, (𝑥, 𝑦̄) =

(
𝑀10/𝑀00, 𝑀01/𝑀00

)
Total flux and centroid (position)

2 Σ = 1
𝑀00

[
𝜇20 𝜇11

𝜇11 𝜇02

]
, FWHM = 2

√
2 ln 2𝜎 Source size/shape/PA as 2D Gaussian

3+ 𝛾1 = 𝜇3/𝜇3/2
2 , 𝛾2 = 𝜇4/𝜇2

2 − 3 Asymmetry and peakedness

With this convention, by continuously taking the angular broadening observation, we can accumu-
late a catalog of multi-moment measurements. All previous works are restricted in the first and
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second orders. With the resolving power of SKA, it is possible to explore in detail the third and
higher order moments.

3 Statistics of sources near solar track

The previous angular-broadening work has relied on Tau A because it is exceptionally bright, com-
pact, and located at low ecliptic latitude. To turn single-point experiments into a year-round probe
of coronal/solar-wind turbulence, it is necessary to exploit the much larger population of fainter
background sources that lie within a few to ten degrees of the solar track on any given day. SKA-
Low’s sensitivity and resolution make this practical: Jansky-scale sources become routine targets
even in short integrations, enabling multi-source, multi-epoch mapping of scattering strength and
anisotropy along the ecliptic. In this section we quantify the expected background sources along
the Sun’s path and summaries its brightness statistics, which set the observational requirements for
SKA-Low angular broadening observations.

Figure 4: The Sun’s annual track (yellow dashed line) on the all-sky map at 70 MHz derived from the LWA1
Low-Frequency Sky Survey Dowell et al. (2017). Prominent calibration (“A-team”) radio sources—including
Cas A, Cyg A, Tau A, Her A, Vir A, Sgr A, For A, Pic A and Hyd A—are labelled for reference. The color
scale shows the sky brightness temperature in kelvin.

3.1 Sources near the solar track

The Sun’s annual path samples a wide range of sky environments (Fig. 4), crossing the Galactic
plane twice. Notably, Tau A lies on the track; its annual conjunction provides an optimal window
for angular-broadening studies because the source is extremely bright and compact—so even short
integrations can resolve the anisotropically broadened image.

8
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Figure 5: Top panel: Brightness distribution of VLSSr (74 MHz) sources located within 10◦ of the Sun’s
annual track. A total of 16,926 sources are included. About 215 sources exceed 10 Jy, and only 5 exceed
100 Jy. Bottom panel: Expected number of sources at each given flux density based on source counts of
Franzen et al. (2019) based on low-frequency surveys (Williams et al., 2016; Hurley-Walker et al., 2017) and
IPS source counts (Chhetri et al., 2018).

To assess how well SKA-Low can pursue angular broadening beyond this single beacon, we ana-
lyzed candidate background sources in the vicinity of the solar track, selecting objects within ±10◦

(shaded band in Fig. 4). A cross-match with the VLSSr catalogue at 74 MHz (Fig. 5 upper panel)
shows that very bright objects are rare along the ecliptic: only a few exceed 100 Jy, whereas the
population is dominated by sources at the ∼Jy level. This implies that deep, high-dynamic-range
imaging of the near-Sun region is necessary to exploit the much larger reservoir of fainter calibra-
tors/targets.

The turnover in source numbers evident in the upper panel of Fig. 5 below 0.5 mJy is due to the
sensitivity of the survey. To predict numbers of sources below this limit, we use the source count
statistics of Franzen et al. (2019) and Chhetri et al. (2018) to calculate the expected number of
sources. These numbers agree well with VlSSr in the range of overlap, although the source count
numbers are systematically low. This is due to the average low-frequency radio source having a
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spectral index1 of -0.8.

Kansabanik et al. (2022) have demonstrated sufficient dynamic range with the MWA to detect a 4.6
Jy source at >7-𝜎, however this requires exquisitely precise calibration. Nonetheless, this would
allow tens of sources to be used as scatter broadening probes simultaneously, and further modest
improvements could increase the number of usable sources by a further order of magnitude.

Another important consideration is source structure. Ideally, point-like sources would be used as
any deviation from a point source can then be attributed to scattering effects. For this reason, we
have also included statistical source counts derived from IPS measurements (Chhetri et al., 2018).
(Chhetri et al., 2018). Roughly speaking, these make up one tenth of the low-frequency source
population, so with high-quality calibration, a number of these sources will be usable at any given
time.

3.2 Temporal variation of the source statistics

The analysis in the previous section considers extra-galactic sources and their average density across
the whole sky. However, year-round temporal statistics further highlight the importance of when
to observe (Fig. 6). During the first month of the year (DoY ∼ 0–25), the total flux within 10◦ of
the track at any given time can drop below 20 Jy, making this a poor period for angular-broadening
measurements even with SKA-Low. By contrast, around DoY ∼155-175 the track passes near Tau
A, producing a strong peak in the summed background shown in 6, and this period offers ideal
conditions for angular-broadening experiments. For much of the remaining year the integrated flux
within 10◦ is typically of order a few hundred Jy (∼500 Jy), providing workable, though less ex-
treme, conditions. Taken together, the histogram and day-of-year curves provide a practical way to
prioritize observing windows for SKA-Low: schedule angular-broadening campaigns near the Tau
A season and other high-flux intervals; reserve the lowest-flux segments for quiet-Sun studies and
very deep integrations aimed at sub-Jy background sources.

4 Sensitivity and resolution

4.1 Sensitivity

The thermal sensitivity of an aperture array depends on both its effective area and the (LST-dependent)
system temperature, 𝐴e(𝜈) and 𝑇sys(𝜈,LST) = 𝑇ant(𝜈,LST) +𝑇rcv(𝜈) (Sokolowski et al., 2021, Sec.
2.1). The antenna temperature is obtained by beam-weighting the all-sky brightness 𝑇sky over the
station beam, hence large changes with sky position (e.g. Galactic plane up/down) directly modu-
late sensitivity (Sokolowski et al., 2021, Eqs. 1&2); thus for the Galactic Centre region indicated
in Fig. 6, the sensitivity will be much lower, especially at lower frequencies. For SKA-Low the
System Equivalent Flux Density (SEFD) follows the standard relation

SEFD =
2𝑘𝑇sys

𝐴e
, (2)

1Most extragalactic sources have an inverse spectral energy distribution, such that their flux density 𝑆 at frequency 𝜈

is given by 𝑆 = 𝑆0 (𝜈/𝜈0)𝛼, where 𝛼 is the spectral index. Sources will be 75% brighter at 75 MHz than at 150 MHz for
𝛼 = −0.8
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Figure 6: Distribution and integrated flux of VLSSr (74 MHz) sources located within 8◦ of the Sun’s annual
track (Cohen et al., 2007). Top: Each point represents a cataloged VLSSr source, color-coded by its peak
intensity. Bottom: The total flux density summed over all sources within 8 Degree of the Sun as a function
of day of year. The shaded regions highlight notable segments—an empty region close to the Galactic center
not covered by VLSSr (red) and a high-flux region near Tau A (green)—illustrating how background source
density and brightness vary along the solar path.

with the Stokes I constructed from the X/Y giving SEFD𝐼 = 1
2

√
SEFD2

𝑋𝑋 + SEFD2
𝑌𝑌 (Sokolowski

et al., 2021, Eq. (5)). For a homogeneous array of 𝑁st stations, the array SEFD scales as the station
SEFD divided by 𝑁st (for SKA1-Low 𝑁st = 512):

SEFDarray =
SEFDstation

𝑁st
, (3)

and the array sensitivity is often quoted as 𝐴eff/𝑇sys using this array SEFD (Macario et al., 2022, Eqs.
(3)–(5)). Commissioning measurements with the AAVS2 prototype show that SKA-Low sensitivity
peaks when the Galactic plane is below the horizon and varies strongly with LST; measured values
across 55–320 MHz agree with EM simulations and meet or exceed SKA-Low requirements by up
to a factor of ∼ 2 in favourable LST ranges (Macario et al., 2022, Sec. 4.2; Fig. 8). For natural
weighting and dual polarization, the interferometric radiometer equation gives the image thermal
noise

𝜎th ≃
SEFDarray√
𝑛polΔ𝜈𝑡

, (𝑛pol = 2). (4)

11
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4.1.1 Sensitivity away from the Sun

AAVS2 measurements and simulations imply array sensitivities of order 𝐴eff/𝑇sys ∼ 103m2K−1 in
the cold-sky LST ranges at 60–160 MHz (with clear LST dependence and modest X/Y differences)
(Macario et al., 2022; Sokolowski et al., 2021, Sec. 4.2 & Fig. 8). As an example, at 𝜈 = 60 MHz
with a bandwidth of Δ𝜈 = 5 MHz and an integration 𝑡 = 1 s:

𝐴eff/𝑇sys = 1000m2K−1 ⇒ SEFDarray ≈ 2.76Jy. (5)

Equation 4 then gives

𝜎th(1s, 5MHz) ≈ 2.76[Jy]√
2 × 5×106 [Hz] × 1[s]

= 0.87mJy.

Representing the weakest detectable brightness level, Scaling with time is ∝ 𝑡−1/2: in 10 s one
expects ∼ 0.3–0.5 mJy, and in 60 s ∼ 0.1–0.2 mJy.

4.1.2 Sensitivity in the near vicinity of the Sun

When the SKA-Low’s zenith points toward hot regions—with the Sun or near Galactic—the system
temperature rises dramatically. Measurements and simulations for aperture arrays show that𝑇sys can
increase by about 10 dB relative to cold-sky LSTs (i.e. a factor of ∼10 in noise power; see Fig. 18
of Benthem et al. 2021). Because SEFD ∝ 𝑇sys, the image thermal noise scales linearly with this
penalty. For our 60 MHz example with Δ𝜈 = 5 MHz and 𝑡 = 1 s (cold-sky 𝜎th ≈0.9 mJy beam−1),
a 10-fold 𝑇sys increase gives a near-Sun noise floor of ∼9 mJy beam−1. The quiet Sun typically
has a brightness temperature of ∼106 K and a flux density of ∼104 Jy at these frequencies (Zhang
et al., 2022); the theoretical dynamic range (Sun peak divided by thermal noise) is therefore

DRth ∼ 104 Jy
9 × 10−3 Jy

≈ 1.1 × 106.

This vastly exceeds what calibration and imaging can usually deliver in practice, even with modern
direction-dependent calibration. As an illustration, Fig. 7 (processed with DDC and solar/bright-
source subtraction using DP32) achieves an image dynamic range of ∼ 630, within which multiple
∼10 Jy-level sources remain detectable. This gap between the thermal limit and achieved dynamic
range underscores that near-Sun feasibility is determined primarily by calibration accuracy and
modeling of direction-dependent effects rather than by raw sensitivity. The image is produced with
OVRO-LWA, 352 LWA element antenna.

4.2 Resolution

4.2.1 Angular resolution

The ability to resolve the scatter-broadened source shape is set by the synthesized beam 𝜃b≃𝜆/𝐵max.
For SKA1-Low (𝑏max ≈ 65 km, 50–350 MHz), this yields 𝜃b ≈ 16′′ at 60 MHz, and ∼ 3′′ at 300
MHz. With calibration and deconvolution weighting scheme, loss of resolution, we are expecting

2https://dp3.readthedocs.io/en/latest/
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2-5 times larger than theoretical value, which is still well below the expected near-Sun broaden-
ing (tens of arcsec to arcminutes at these frequencies Zhang et al. 2025), so the elongated source
within ∼5–50 𝑅⊙ will be resolved and its axial ratios/position angles can be measured. SKA-Mid
(𝑏max ≈ 150 km, ≳350 MHz) delivers : ∼ 1.2′′ at 350 MHz, ∼ 0.4′′ at 1 GHz, and ∼ 0.14′′

at 3 GHz, enabling observations when scattering is weaker and closer to the Sun (roughly 2–10
𝑅⊙) where 𝜃scat ∝ 𝜈−2 becomes small. Similar to SKA-Low, the working beam depends on the
calibration and deconvolution weighting scheme; even with robust weighting (−0.5–0), SKA-Low
is expected to achieve ∼40” at 60–80 MHz, while SKA-Mid remains firmly sub-arcsecond above
1GHz. Thus the two arrays provide complementary resolution–frequency coverage that together
span the heliocentric ranges indicated in Fig. 1.

4.3 Proof of concept with OVRO-LWA

Figure 7: OVRO-LWA snapshot at 59 MHz (Δ𝜈 = 19.2 MHz) with a 10 s integration. Left: Full-sky image
in equatorial coordinates; the Galactic plane is visible and bright “A-team” calibrators (Cas A, Cyg A, Her A,
Vir A) are labeled. The cyan dashed box marks the region shown at right. Right: Zoom around the Sun (The
Sun is modeled and subtracted); the cyan “+” indicates the solar ephemeris. The color scale is in Jy/beam.
The compact solar emission and residual sidelobe structure illustrate near-Sun imaging performance in a
short snapshot.

For example, at 60 MHz with Δ𝜈 = 5 MHz and 𝑡 = 60 s, cold-sky imaging reaches ∼ 0.1–0.2
mJy beam−1; even with near-Sun inflation factors of 10–20, residuals ≪ 0.1 Jy are achievable after
peeling, enabling detection of broadened∼ 0.1–1 Jy targets at 5𝜎 depending on scattering size (Sec.
4).

4.4 Proof of concept with MeerKAT

As the precursor to SKA-Mid, recent MeerKAT L-band observations—conducted with the phase
center placed about 2.5◦ from the Sun—have demonstrated the array’s capability to detect compact-
source angular broadening. Unlike previous studies that were limited to a small number of bright
targets, the MeerKAT observations, benefiting from high sensitivity and a large effective field of
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view, notably reveal multiple broadened compact sources during the observation. This yields a
sufficiently sampled dataset for preliminary statistical assessment, offering valuable insights into
coronal density fluctuations and large-scale turbulence properties.

These angular-broadened sources are primarily located within the primary beam (≈ 0.6◦ at 1 GHz),
where they are less attenuated and less affected by the bright solar signal, allowing more reliable
analysis. Their intrinsic structures can be deconvolved from the synthesized beam to quantify the
broadening characteristics, which in turn provide diagnostics of the local coronal conditions and
magnetic topology at different locations relative to the Sun.

Through recent observations, MeerKAT has demonstrated its unique capability to detect multiple
compact sources affected by angular broadening, serving as a valuable precursor for future SKA
studies. By comparing with the VLBI catalog, most compact sources within the MeerKAT primary
beam are successfully detected, although the broadening properties of some weaker or more dis-
tant sources remain difficult to characterize. This is mainly because, although MeerKAT already
provides excellent sensitivity and resolution, they are still not sufficient for resolving all sources,
particularly those farther from the phase center and less bright.

Figure 8: Left: MeerKAT observations of the the broadened source J1833-210, which has been deconvolved
from the synthesized beam. Right: Simulations of the expected broadening of a point source in the presence
of density fluctuations for frequencies (Kontar et al., 2023).

The most significant improvement expected from SKA will be its substantially higher angular res-
olution, enabled by much longer baselines, allowing it to resolve sources with smaller intrinsic and
scattering sizes. In addition, improved uv coverage and higher sensitivity will enhance the ability
to image multiple compact sources simultaneously, even more close to the Sun. With these ad-
vances, SKA will be able to systematically observe a large population of compact sources over a
wide range of heliocentric distances and position angles, providing comprehensive constraints on
coronal scattering and turbulence. Such statistical coverage will represent a transformative step to-
ward understanding the angular broadening phenomenon and the underlying plasma processes in
the solar corona and solar wind.

The left panel of Fig. 8 shows broadening of the point source J1833-210 as observed on 29 Decem-
ber 2024 above the solar pole with MeerKAT. The right panel shows simulations, using a modified
version of the Kontar et al. (2019) model, of how a point source, located 3𝑅⊙ (solar radius, 𝑅⊙)
above the solar disk, will be broadened due to electron density fluctuations at a frequency of 1GHz.
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5 Density fluctuation cross-matching of in-situ and remote sensing

In the inner heliosphere, by contrast, spacecraft provide direct measurements of 𝑛𝑒 and its fluctu-
ations via QTN spectroscopy. Both avenues are powerful, but they have never sampled the same
plasma volume at the same time. With Parker Solar Probe (PSP) now advancing below 10𝑅⊙, and
SKA-Low delivering high-fidelity scattering measurements, we can, for the first time, cross-check
𝛿𝑁𝑒/𝑁𝑒 from remote sensing against the in situ density spectrum in a common volume.

Figure 9: Demonstration of in-situ measurement for perihelion #22 (2024–12–24). (a) PSP trajectory in
the near-Sun plane, colored by solar-wind speed. The cyan arc marks the tangent segment used to sample
the background density. (b) Quasi-thermal noise (QTN)-derived electron density 𝑛𝑒 (𝑡) around perihelion.
(c) Power spectral density (PSD) of density fluctuations versus spatial frequency, with a power-law fit (slope
≈ −1.88 shown in orange). These in situ quantities can provide the 𝛿𝑁𝑒/𝑁𝑒 and spectral index against which
the SKA-Low angular broadening inferences are validated.

During PSP’s perihelion passage (Fig. 9), we obtain the in-situ electron density 𝑛𝑒 (𝑡) and its density-
fluctuation power spectral density (PSD). The density is derived using the Quasi-Thermal-Noise
method (Moncuquet et al., 2020). As shown in panel (a), PSP traverses the perihelion at ∼ 9.86𝑅⊙
within a 12-hour interval during which the solar wind remains sub-Alfvénic (𝑀𝐴 < 1), placing the
spacecraft inside the Alfvén surface (Kasper et al., 2021). Panel (b) shows the temporal evolution of
𝑛𝑒, and panel (c) gives the PSD of 𝑛𝑒 along the trajectory; the spacecraft’s nearly constant tangential
speed allows spatial frequencies to be interpreted at ∼ 10𝑅⊙.

Simultaneously, SKA-Low provides angular-broadening measurements of background sources. Af-
ter calibration and peeling, the observed scattering kernel size, axial ratio, position angle, and fre-
quency scaling is fitted using a forward model of wave propagation through a magnetized, turbulent
corona. Multi-frequency SKA-Low data constrain the fluctuation amplitude, while PSP supplies
the absolute density and local PSD. The comparison is made by matching the SKA-Low-derived
𝛿𝑁𝑒/𝑁𝑒 at the tangent point with the PSP-based 𝛿𝑁𝑒/𝑁𝑒 and PSD slope at the corresponding sector
near 10𝑅⊙.

Radio occultation (RO) offers a complementary probe of coronal density fluctuations: spacecraft

15



Angular broadening with SKA P Zhang

radio links grazing the Sun acquire frequency/phase scintillations that encode the line-of-sight inte-
gral of turbulence. Early Mariner/Helios/Viking experiments established the technique (Woo et al.,
1976; Bird, 1982; Pätzold et al., 1996). Multi-epoch results mapped slow/fast wind between 1.4-
10𝑅⊙; derived densities matched classic models (Edenhofer et al., 1978; Strachan et al., 1993; Cran-
mer et al., 1999) but were reduced in studies like Doschek et al. (1997); Gallagher et al. (1999).

RO thus complements the 𝛿𝑁𝑒/𝑁𝑒 measurements with LOS-integrated constraints for the density
and the column density fluctuation. Joint analysis of SKA-Low scattering measurements, PSP in-
situ, and RO measurements will enable direct cross-checks of 𝛿𝑁𝑒/𝑁𝑒, turbulence spectra, and
radial evolution. Providing an anchor to the model for how coronal turbulence feeds the solar wind.

6 Observation plans and strategies

The observation strategy is source and activity dependent, tailors time resolution, and calibration
depth to the instantaneous background source densities within ±10◦ of the solar track (Sec. 3).
We use the summed catalogued flux (e.g. VLSSr) as a proxy for the likelihood of finding multiple
compact targets in the field. Below we outline four regimes and the corresponding observing modes.

Common practices across regimes

• Direction-dependent calibration (DDC) + bright source peeling every 1–5 s during active
periods (Sec. 3, Fig 7).

• Scheduling by DoY: use the year-round flux curves (Fig. 6) to prioritize Tau A season and
other high-yield windows.

• Data Products: (i) high-time-resolution image cubes for Tau A season; (ii) deep, long-baseline
images (and visibility-domain fits) of broadened targets; (iii) per-epoch catalogs of size/axial
ratio/PA vs. elongation.

For the source-dependent strategy, we categorize the observation strategy as shown below.

(A) Tau A solar conjunction: high-cadence campaign

When near the annual Tau A conjunction (DoY ∼155–175). Rationale is that Tau A provides an
ultra-bright, effectively point-like beacon that traverses a range of solar elongations and position
angles within days.
Observation and processing strategy: (1) Time resolution Δ𝑡≲ 0.1 s. (2) Weighting uniformly to
get higher spatial resolution.
Science focus: resolve temporal variations of the scattering kernel (size, axial ratio, PA) on sub-
second scales, constraining turbulence dynamics and anisotropy close to the Sun.

(B) Preferred background: ∑ 𝑆10◦ ≳ 400 Jy

Near ecliptic segments with many bright sources (outside Tau A peak).
Observation and processing strategy: Time resolution Δ𝑡 = 1–5 s. (2) Weighting Briggs −0.5 to
give relative higher weight to shorter baselines to achieve higher dynamic range.
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Science focus: routine angular-broadening measurements on multiple Jy-level sources per integral;
map anisotropy PA around the Sun.

(C) Moderate background: ∑ 𝑆10◦ ∈ (50, 400) Jy

During most common part of the annual track.
Observation and processing strategy: (1) Deep imaging with Δ𝑡 = 10–30 s snapshots to push
to sub-Jy targets; iterate DDC on 10–30 s intervals. (2) Agreesive flagging; preserve raw channels
until peeling is complete. (3) Use weighting briggs 0-0.5 to emphasize more shorter baselines.
Science focus: increase source counts to build 2D maps of scattering strength and anisotropy, and
to trace coronal magnetic-field orientation via the elongation PA.

This source-dependent plan ensures that we exploit the unique bright-beacon opportunities (Tau
A), harvest routine multi-source constraints in typical fields, and dedicate the cleanest windows to
quiet-Sun and calibration validation—maximizing science return over the full solar year.

6.1 Visibility Data Availability

Jaradat et al. (2025) using 12-m class dishes at SKA-Mid frequencies, showed that a single VLBI
baseline can not only detect scatter-broadening–induced decoherence, but also track the underlying
phase fluctuations that produce the broadened ensemble image. Similar SKA observations would
yield a rich dataset bridging current VLA and VLBI constraints, enabling the phase structure func-
tion to be mapped in 2D space and time. Crucially, this requires access to raw visibilities on each
individual baseline, rather than only gridded visibilities, underscoring how powerful baseline-level
data are as a probe of coronal scattering.

As shown in Sect. 2 and demonstrated by (Jaradat et al., 2025), visibilities are the natural domain for
measuring scatter broadening and related higher-order effects. Images are one step further removed
from the fundamental quantities that we are trying to observe. Therefore, at least in some cases
we will need to request visibilities in order to get the full value from our observations. It may be
possible to recover these by re-inversion of a dirty image, but experimentation would be necessary.

7 Summary and outlook

Angular broadening of compact background sources is a sensitive line-of-sight probe of coronal
and solar-wind turbulence (fluctuation amplitude, anisotropy, dissipation scale, and magnetic field
orientation). Using all-sky surveys and SKA performance estimates, we quantified year-round op-
portunities and the calibration/sensitivity required for routine measurements. We have the following
key results:

• Source availability along the solar track: a cross-match with VLSSr shows that very bright
objects are rare near the ecliptic, but thousands of ∼Jy sources lie within ±10◦ of the Sun
through the year, enabling multi-epoch, multi-source campaigns.

• Sensitivity and Resolution: cold-sky array sensitivities of 𝐴eff/𝑇sys ∼ 103m2K−1 correspond
to 𝜎th ≈ 0.9mJybeam−1 in a 1 s, 5 MHz snapshot at 60 MHz; hot-sky conditions inflate 𝑇sys

by ∼10 dB, yielding ∼9 mJy beam−1. Practical limits are therefore set by dynamic range and
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calibration rather than raw sensitivity. SKA1-Low (𝑏max ∼65 km) resolves tens-of-arcsec to
arcmin scatter-broadened kernels across 50–350 MHz; SKA-Mid extends to at ≳350 MHz,
providing complementary leverage on smaller heliocentric distances.

• Calibration: Direction-dependent calibration and solar/bright-source peeling are essential.
With high-fidelity DDC, broadened 0.1–1 Jy targets within a few degrees of the Sun are
detectable on 10s timescales.

With the unbalanced background source distribution, we propose the observation strategy as Source-
dependent scheduling: (i) high-cadence (Δ𝑡 ≲ 0.1 s) campaigns near Tau A conjunction; (ii) 1–5 s
imaging in high-background windows (

∑
𝑆10◦ ≳ 400 Jy); (iii) 10–30 s deep snapshots in moderate

backgrounds (50–400 Jy). The resulting data products would be per-epoch catalogs of 1-3 orders
of moments which can be used for further density fluctuation and turbulence studies.

High sensitivity provides long duration of availability of the angular broadening observation, with
which we can perform cross-validation between remote sensing and in-situ observations, when the
Earth-source line of sight is tangent to the PSP perihelion sector, SKA scattering measurements of
𝛿𝑁𝑒/𝑁𝑒 can be directly compared with in situ density spectra from QTN, anchoring remote-sensing
in the inner corona. LOS-integrated density and fluctuation constraints from spacecraft SKA and
PSP, enabling joint inversions of fluctuation amplitude, spectrum, and radial evolution.

With SKA1-Low/Mid, year-round, high-fidelity angular-broadening measurements . The programme
will deliver: (i) a multi-year map of coronal anisotropy as a magnetic tracer, (ii) constraints on the
radial evolution and dissipation of turbulence, and (iii) direct cross-checks of 𝛿𝑁𝑒/𝑁𝑒 between re-
mote and in situ/RO techniques. These outcomes will provide quantitative boundary conditions for
heliospheric models and new insight into how coronal turbulence seeds and heats the solar wind.
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Appendix

Table 2: Bright (>15 Jy/beam) Sources within 5◦ of Solar Track from VLSSr

Rank RA (hms) Dec (dms) Peak Intensity (Jy/beam) DoY
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1 05:34:33.28 +22:02:01.4 256.648 162
2 05:34:26.65 +22:03:39.3 212.018 162
3 12:29:05.89 +02:02:55.7 161.687 272
4 05:34:26.35 +22:01:47.7 81.965 162
5 05:34:41.32 +22:01:34.8 75.072 163
6 05:34:34.73 +22:03:40.3 64.482 162
7 05:34:21.39 +22:03:59.5 43.981 162
8 06:13:49.81 +26:04:38.6 43.430 173
9 08:53:08.57 +13:52:54.3 40.210 214
10 05:02:58.55 +25:16:24.6 38.601 156
11 03:10:00.01 +17:05:57.4 38.428 127
12 00:37:03.97 -01:09:10.7 36.021 87
13 12:56:11.16 -05:47:23.8 35.515 278
14 06:45:24.09 +21:21:45.2 34.690 180
15 09:42:15.30 +13:45:49.3 32.476 224
16 13:38:07.90 -06:27:11.7 32.059 289
17 10:10:59.99 +06:24:45.5 31.802 237
18 10:08:00.12 +07:30:16.2 30.986 234
19 09:44:15.61 +09:46:13.5 28.537 228
20 09:50:10.63 +14:19:59.5 27.775 226
21 00:06:22.61 -00:04:26.5 26.516 77
22 10:42:44.57 +12:03:33.2 25.452 241
23 21:23:01.72 -16:28:02.6 25.143 34
24 22:25:47.42 -04:57:02.9 25.116 55
25 12:42:19.60 -04:46:20.5 24.925 274
26 21:16:36.42 -20:55:51.3 24.575 35
27 04:56:43.32 +22:49:23.3 24.138 153
28 06:04:28.52 +20:21:18.1 24.093 171
29 09:06:31.81 +16:46:14.4 22.853 215
30 08:58:41.47 +14:09:42.4 22.206 215
31 10:26:32.19 +06:27:28.0 21.443 239
32 13:47:01.66 -08:03:21.9 20.906 291
33 06:43:07.36 +23:19:02.3 20.154 179
34 08:40:47.75 +13:12:24.6 19.731 214
35 17:30:38.23 -21:28:45.0 19.179 346
36 08:05:33.30 +24:10:07.9 19.068 200
37 01:18:18.44 +02:58:06.6 18.811 99
38 07:29:27.99 +24:36:23.5 18.481 191
39 23:28:12.22 -04:56:11.9 18.208 67
40 23:25:19.55 -04:57:39.3 18.167 66
41 12:32:00.07 -02:24:02.6 18.064 271
42 14:27:38.11 -12:03:40.2 17.525 302
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43 11:02:17.45 +10:29:07.1 17.339 246
44 16:46:05.21 -22:28:02.4 16.598 336
45 12:06:19.85 +04:06:10.9 16.549 265
46 14:02:08.75 -15:10:08.4 15.469 297
47 11:41:08.28 +01:14:19.3 15.355 257
48 08:54:39.15 +14:05:52.2 15.170 214
49 08:35:03.84 +14:11:49.4 15.070 210
50 06:52:48.44 +22:32:23.3 15.014 181
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