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Early days… 
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  Observational Challenges of Solar Radio Imaging
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Requirement
High-fidelity and high 

dynamic-range 
spectro-polarimetric snapshot 

solar imaging



  Solar Radio Studies: The Road Well Travelled …mostly…

● Most studies have relied on dynamic spectra (Sun-as-a-star)

● Few dedicated solar imaging instruments

○ Fewer have come close to meeting the needs of solar radio science

● Emphasis has largely been on:

○ Active emissions - bursts of all kinds

○ Big and bright bursts which can dominate the solar emission 

○ Polarimetry has remained difficult to do… and hard to interpret…

● Coronal active radio emissions are hard to study in optical/ EUV/ X-rays

● Poor angular resolution and large difference in coronal height of radio and high 
energy sources, compounded by scattering ⇒ limited spatial correlations

● BUT, there have been exceptions…



What has changed?  - Array design
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From synthesis imaging to snapshot imaging - Murchison Widefield Array (MWA)



What has changed? - Imaging pipelines (AIRCARS)

Mondal et al., 2019, ApJ 
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Key Takeaways
● Routinely produce spectroscopic snapshot images with 

dynamic range ~300 – 105 

● Flux density uncertainty is ~10%

● Polarization calibration is comparable to high-quality 
astronomical observations

● Fully automated, user-friendly and robust - work in 
progress



  Where are we now? - Imaging dynamic range comparison

Image credits: Mondal et al. 2019, Zhang et al. 2022, Mercier et al. 2015, Willson 2000 
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 Science targets - chosen to maximize the MWA advantage

● Studies of weak(er) non-thermal emissions

● CME Gyrosynchroton (GS) emissions (Surajit Mondal’s talk later this session)

● Targeted studies of well known solar radio bursts 

○ Types I, II, III

● Coronal holes 

● Propagation effects

● Polarimetry (next talk by Devojyoti Kansabanik)
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Progressively weaker non-thermal emissions
Non imaging wavelet based 
detection of NT emission 
islands- in dynamic spectra 
(Suresh, 2017) 

Non imaging Gaussian 
mixture based 
decomposition of 
dynamic spectra data 
(Sharma, 2018)

Imaging detection of 
the weakest NT 
emissions reported yet 
(Mondal et al., 2020, 
2021, 2023)
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Weak Impulsive Narrowband Quiet Sun Emissions (WINQSEs)

Distribution well described by a log-normal function 
Similar result was obtained by Pauluhn and Solanki (2007) for EUV data

Mondal et al., 2020, 2021, 2023; Bawaji et al. 2023

Radio counterparts of 
‘nanoflares’, hypothesised to 
explain coronal heating

● Meet all of the 
expectations

● Enable us to probe much 
weaker energies than 
possible at EVU and 
X-rays



WINQSEs : Morphology

Bawaji et al., 2023

● Machine learning-based algorithm to detect WINQSEs, classify them based on 
their morphology, and model the isolated ones using 2D Gaussians. 

● Improves upon the methodology used for detecting WINQSEs in earlier works

143.6 MHz



Using “residual visibilities” to 
image only the rapidly time 
varying part of solar emission.

Similar, in principle, to running 
difference images, only done in 
Fourier domain.

WINQSEs : An Alternative Detection Approach

Sharma et al., 2022

240 MHz

108 MHz

108 MHz

240 MHz



WINQSEs : Current Status

Investigations so far
● Ubiquitous on the Sun even during the quietest of solar conditions (Mondal et 

al., 2022)
● Found EUV counterparts of a group of co-located WINQSEs (Mondal, 2021)

○ Energy deposited in the corona ~10^25 ergs (DEM analysis)
● Tried to estimate their bandwidth/ spectral shape (Mondal et al., 2023)

○ ~100 kHz
● Examined morphology of WINQSEs (Bawaji et al., 2023)

○ Usually compact morphology 
● Detection of WINQSEs using an independent technique (Sharma et al., 2022)

Radio counterparts of ‘nanoflares’, hypothesised to explain coronal heating
● Meet all of the expectations
● Enable us to probe much weaker energies than possible at EVU and X-rays



Type II solar radio bursts
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Magdalenić et al 2020
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What causes band-splitting in shock radio bursts?

Image credit : NASA

Upstream/Downstream Independent emission sites

More conventional: 
- Vrsnak et al. (2008)
- Zimovets et al. (2012)
- Chrysaphi et al. (2018)

Less favoured
- McLean et al.(1967)



Motion of HFB and LFB sources

HFB

LFB

Bhunia et al. 2023

Rare but convincing evidence in favour of 
independent emission sites



Gyrosynchrotron (GS) emission from CMEs

● Limited number of detections due 
to observational challenges.

● Associated with fast CMEs.

● Spectral coverage is not always 
sufficient.

● Includes non-imaging studies, so 
no spatial information

One of the few remote sensing techniques for estimating CME magnetic fields

First detection in 2001 (Bastian et al.) from the Nançay Radioheliograph.



Gyrosynchrotron (GS) emission from CMEs

● Limited number of detections due 
to observational challenges.

● Most of them are associated with 
the fast CMEs.

● Spectral coverage is not always 
good.

● Many of them are non-imaging 
studies, hence cannot provide 
any spatial information.

One of the few remote sensing techniques for estimating CME magnetic fields

First detection in 2001 (Bastian et al.) with Nançay Radioheliograph.

CME GS with MWA
Imaging quality sufficient for routine 
detection for slow and otherwise 
unremarkable CMEs.



The Challenge of Constraining CME GS Models

Image credit : NASA

Stokes I only modeling : 

Kansabanik et al. 2024
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  Advantages of Using Stokes V Spectra
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First detection of CME GS Stokes V 

Image credit : NASA Kansabanik et al. 2024



First detection of CME GS Stokes V 

Image credit : NASA

Prompting us to question model assumptions

● Homogeneous distribution along the LoS

● Isotropic pitch-angle distribution of electrons

Kansabanik et al. 2024



Space Weather – CME Vector Magnetic Field

● Simultaneous Faraday rotation of linearly 
pol emission from a large number of 
background radio sources.

● Use them to constrain the best available 
CME models (Magnetic Flux Rope ~10 
parameters)

● Low frequency and large FoV ⇒ ability to 
track CMEs to larger distances

● Source density 0.05 sources/ deg2 for 
MWA; 2-5 sources/deg2 at GHz 
frequencies (MeerKAT, ASKAP)



Quantifying propagation effects

Sharma and Oberoi, 2022



Quantifying propagation effects

Mohan et al., 2019



Quasi Period Pulsations (QPPs)

Mohan et al., 2019





Coronal Holes (CH)

CH - Regions of low density wrt 
ambient medium

● Sometimes transition from 
being darker at high 
frequencies (low heights) 
to being brighter at lower 
frequencies

● Explained in terms of 
refraction of radio waves 
from neighbouring regions 
into in the CH regions

Mozibur et al. 2019



Approach

Image credit : NASA

Realizing that:

● Solar radio science is limited by ‘extrinsic’ reasons 

○ lack of suitable instruments ⇔ small community, analysis issues, …

● Despite its challenging requirements, dedicated solar radio instrumentation will remain a 
poor cousin of the best-in-class instrumentation

We are trying to:

● Enable solar science with the best-of-class instrumentation

○ SKAO precursors... and eventually the SKAO

○ Enable triggered observations (initiated for the MWA)

● Make solar radio imaging analysis more accessible

○ Build and share a good imaging pipeline for use by a reasonably well informed user

● Build a larger community of solar radio scientists

● Deliver novel and interesting science, with potentially significant societal impact



Future plans

Image credit : NASA

● Specific science targets

○ CME magnetic fields and Space Weather

■ Gyrosynchroton studies close to the Sun

■ Faraday rotation of background sources at larger elongations

○ High fidelity polarimetric studies of the Sun

■ Polarimetric properties of active and quiescent solar emissions

■ Investigate the reality of linearly polarized solar emission

○ Modeling slowly varying emission from the Sun

■ Minutes to hours and days (coronal holes, streamers)

○ Modeling and understanding propagation effects



Summary

Image credit : NASA

● Solar radio observable offer unique and/ or complementary information to what 
can be gained from other means

● They have however remained an underutilized tool, despite their intrinsic 
merits… for good reasons

● The current generation of radio instrumentation (SKAO precursors) allow us to 
explore very interesting phase space 

● We are 

○ delivering on the promise of solar radio science

○ trying to overcome some of the barriers holding us back

● The future is bright and sunny :-)
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Enabling solar observations with MeerKAT
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Enabling solar observations with MeerKAT

Synthetic Observed


