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Flux density (arbitrary units)
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Observational Challenges of Solar Radio Imaging
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Observational Challenges of Solar Radio Imaging
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Observational Challenges of Solar Radio Imaging

516 Ts v| 100
= 14 ! <
§12 ( \ 80 =
51 Requirement 60
o 8 i
£ ¢l High-fidelity and high 40 g
8 4 dynamic-range o S
5 2 spectro-polarimetric snapshot G
® solar imaging ‘ [

Type-ll T n

Frequency
. Frequency

it v - T Time Solar X

Kansabanik 2022, Solar Physics, 297, 122



Solar Radio Studies: The Road Well Travelled ...mostly...

e Most studies have relied on dynamic spectra (Sun-as-a-star)
e Few dedicated solar imaging instruments
o Fewer have come close to meeting the needs of solar radio science
e Emphasis has largely been on:
o Active emissions - bursts of all kinds
o Big and bright bursts which can dominate the solar emission
o Polarimetry has remained difficult to do... and hard to interpret...
e Coronal active radio emissions are hard to study in optical/ EUV/ X-rays

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

e BUT, there have been exceptions...



What has changed? - Array design

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

Relative J2000 Declination (arcmin)
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What has changed? - Imaging pipelines (P-AIRCARS)

Circular polarisation Circular polarisation
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What has changed? - Imaging pipelines (P-AIRCARS)

Circular polarisation
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Where are we now? - Imaging dynamic range comparison

Comparison of MWA Solar Images (Bandwidth ~ 200 kHz)
® RMS DR ® MAX-MIN DR
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Image credits: Mondal et al. 2019, Zhang et al. 2022, Mercier et al. 2015, Willson 2000




Science targets - chosen to maximize the MWA advantage

e Studies of weak(er) non-thermal emissions
e CME Gyrosynchroton (GS) emissions (Surajit Mondal’s talk later this session)
e Targeted studies of well known solar radio bursts
o Types |, II, Il
e Coronal holes
e Propagation effects

e Polarimetry (next talk by Devojyoti Kansabanik)
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Progressively weaker non-thermal emissions

Mercier et al., 1997
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Progressively weaker non-thermal emissions

Flux density (SFU)

10 5

10° -

10~

102 7

102

mmaging wavelet based

Mercier et al., 1997

detection of NT emission
islands- in dynamic spectra
(Suresh, 2017)

Ramesh et al., 201

i_

" n L
o - N w » w o ~ oo o

=
o

Sz — Sa.8 (SFU)

2000

2005 2010 2015 2020
Year




Progressively weaker non-thermal emissions
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Progressively weaker non-thermal emissions

Flux density (SFU)
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Weak Impulsive Narrowband Quiet Sun Emissions (WINQSES)

Occurrence probability of AF/F
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WINQSESs : Morphology

143.6 MHz
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e Machine learning-based algorithm to detect WINQSEs, classify them based on
their morphology, and model the isolated ones using 2D Gaussians.
e Improves upon the methodology used for detecting WINQSEs in earlier works

Bawaiji et al., 2023



WINQSEs : An Alternative Detection Approach

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.
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WINQSEsSs : Current Status ® U

~

Investigations so far
e Ubiquitous on the Sun even during the quietest of solar conditions (Mondal et
al., 2022)

e Found EUV counterparts of a group of co-located WINQSEs (Mondal, 2021)
o Energy deposited in the corona ~10725 ergs (DEM analysis)

e Tried to estimate their bandwidth/ spectral shape (Mondal et al., 2023)
o ~100 kHz

e Examined morphology of WINQSEs (Bawaiji et al., 2023)
o Usually compact morphology

e Detection of WINQSESs using an independent technique (Sharma et al., 2022)

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



Type Il solar radio bursts

SOLAR FLARE .

Type Il burst

CME > Alfven



Type Il solar radio bursts
SOLAR FLARE

Type Il burst

SHOCK Magdalenic et al 2020
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What causes band-splitting in shock radio bursts?

Upstream/Downstream Independent emission sites
Shock front Ne rpa—— Shock front
L Vshock fU
/ downstream fU / /
NAVRe
Shock front (\I\)_’
/ ~_ " %
upstreanL R
‘ N1
“\ \
More conventional: \
- Vrsnak et al. (2008) 7\ Less favoured
- Zimovets et al. (2012) - McLean et al.(1967)

Chrysaphi et al. (2018)



Motion of HFB and LFB sources

AIA 193 A 2014-09-28 02:49:30 Rare but convincing evidence in favour of
5 F-¥ % independent emission sites
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Gyrosynchrotron (GS) emission from CMEs

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

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

e Limited number of detections due 102 <~ /,/"“w,\e
to observational challenges. . ./‘/'/"\_\
e Associated with fast CMEs. 0
10” 5
. =) —eo— Maia et al. 2007
e Spectral coverage is not always 5 o —=— Carley et al. 2017
sufficient. é —&— Bastian et al. 2001
5] —— Tunetal. 2013
e Includes non-imaging studies, so i m‘:;r':gsglzgggﬁzl
no spatial information 103 —3— Kansabanik et al. 2023a§|§
Kansabanik et al. 2023b,
10-4 + in preparation
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Gyrosynchrotron (GS) emission from CMEs

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

First detection in 2001 (Bastian et al.) with Nang¢ay Radioheliograph.
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The Challenge of Constraining CME GS Models

Kansabanik et al. 2024



Advantages of Using Stokes V Spectra

Stokes | only modeling :

Northern region : 1 175 Northern region : 1

ensity (Jy)
ensity (Jy)

Kansabanik et al. 2024



Advantages of Using Stokes V Spectra

Stokes | only modeling :
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Advantages of Using Stokes V Spectra
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First detection of CME GS Stokes V

South-western region : 2 South-western region : 2
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First detection of CME GS Stokes V

Prompting us to question model assumptions

e Homogeneous distribution along the LoS

e [sotropic pitch-angle distribution of electrons
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Space Weather — CME Vector Magnetic Field

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

LASCO €3 FoV - -

MW;_A FoV
o Use them to constrain the best available 4 i
CME models (Magnetic Flux Rope ~10

parameters)

e [ow frequency and large FoV = ability to
track CMEs to larger distances '

e Source density 0.05 sources/ deg” for
MWA; 2-5 sources/deg? at GHz
frequencies (MeerKAT, ASKAP)




Quantifying propagation effects
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Figure 7. MWA and FORWARD contour maps for different frequencies. FORWARD contours are drawn at Tg = 1.5 MK and shown by a solid line. The MWA
contours, shown by dashed lines, have been drawn to enclose the same flux density as is enclosed in the FORWARD contour. The filled circle and the star mark the
locations of the flux density peak in the FORWARD and MWA maps, respectively.
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Quantifying propagation effects
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Quasi Period Pulsations (QPPs)
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Waves and Quasi-Periodic-Pulsations in Weak Active Solar Emissions

RosseLang R1Vya Oberoitdvencradirres.in, Atul Mohan?and Surajit Mondal*

N o
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B ﬂ w Solar 1 National Centre for Radio Astrophysics, Tata Institute of Fundamental Research, Pune, India o W W W MURCHISON
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NCRA  TIFR EhxsAsa 2 Rosseland Centre for Solar Physics, University of Oslo, Norway X ARRAY
Motivation Radio QPPs Conclusion

Quasi Periodic Pulsations (QPPs) -
common feature of flaring energy
release; Observed primarily at X-
rays, EUV and high radio freq.

Spatially resolved observations —
numerous at higher frequencies,
rare at radio wavelengths

New generation instruments like the

Murchison Widefield Array (MWA)
now make it possible

Present a few examples illustrating
the new insights obtained about the
nature of coronal magnetic features
at large coronal heights
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period-flux density plane
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Spectroscopic snapshot
imaging capability - new
tool for probing QPPs in
the radio regime.

Widespread presence
across wide range of flux
densities

Energetically weak - “test
particles”, probe of the
features of the system
without altering its

properties

Robust detection of
sausage and torsional
MHD modes + much more




Coronal Holes (CH)

240 MHz 132 MHz
i 2015/08/31 : 5

CH - Regions of low density wrt
ambient medium
e Sometimes transition from
being darker at high
frequencies (low heights)
to being brighter at lower
frequencies
e Explained in terms of
refraction of radio waves
from neighbouring regions
into in the CH regions
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Approach

Realizing that:

e Solar radio science is limited by ‘extrinsic’ reasons
o lack of suitable instruments < small community, analysis issues, ...

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

We are trying to:
e Enable solar science with the best-of-class instrumentation
o SKAO precursors... and eventually the SKAO
o Enable triggered observations (initiated for the MWA)
e Make solar radio imaging analysis more accessible
o Build and share a good imaging pipeline for use by a reasonably well informed user
e Build a larger community of solar radio scientists

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



Future plans

e Specific science targets
o CME magnetic fields and Space Weather
m Gyrosynchroton studies close to the Sun
m Faraday rotation of background sources at larger elongations
o High fidelity polarimetric studies of the Sun
m Polarimetric properties of active and quiescent solar emissions
m Investigate the reality of linearly polarized solar emission
o Modeling slowly varying emission from the Sun
m Minutes to hours and days (coronal holes, streamers)

o Modeling and understanding propagation effects



Summary

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

e They have however remained an underutilized tool, despite their intrinsic
merits... for good reasons

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

e We are
o delivering on the promise of solar radio science
o trying to overcome some of the barriers holding us back

e The future is bright and sunny :-)



Enabling solar observations with MeerKAT
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Enabling solar observations with MeerKAT
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