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ABSTRACT

Solar radio emissions provide several unique diagnostics to estimate different physical parameters

of the solar corona, which are otherwise simply inaccessible. However, imaging the highly dynamic

solar coronal emissions spanning a large range of angular scales at radio wavelengths is extremely

challenging. At GHz frequencies, the MeerKAT radio telescope is possibly globally the best-suited

instrument at the present time and can provide high-fidelity spectroscopic snapshot solar images.

Here, we present the first images of the Sun made using the observations with the MeerKAT at L-band

(856 – 1711 MHz). This work demonstrates the high fidelity of the MeerKAT solar images through

a comparison with simulated radio images at the MeerKAT frequencies. The observed images show

extremely good mophological similarities with the simulated images. A detailed comparison between

the simulated radio map and observed MeerKAT radio images demonstrates that there is significant

missing flux density in MeerKAT images at the higher frequencies of the observing band, though it

can potentially be estimated and corrected for. We believe once solar observations with the MeerKAT

are commissioned, they will not only enable a host of novel studies but also open the door to a large

unexplored phase space with significant discovery potential.

Keywords: Radio interferometers(1345) – Solar radio emission(1522) – Solar radio telescopes(1523) –

Solar instruments(1499) – Solar coronal radio emission(1993) – Solar corona(1483)

1. INTRODUCTION

Since the discovery of solar radio emission (Reber

1944), the Sun has been studied in great detail in a wide

range of frequencies spanning from a few kHz to several

hundreds of GHz. Despite this long history of observa-

tions and studies, the Sun still harbors several mysteries.

With each leap of technological advancement in building

new telescopes, several of these mysteries are solved. At

the same time, these new advancements probe the Sun in

a very new light and hence generally open up a very rich

discovery space. Interesting results coming from new in-

struments like the Solar orbiter (Müller, D. et al. 2020;

Garćıa Marirrodriga, C. et al. 2021), Parker Solar Probe

(Raouafi et al. 2023), Daniel K. Inouye Solar Telescope

(DKIST, Rimmele et al. 2020; Rast et al. 2021), Murchi-

sonWidefield Array (MWA, Lonsdale et al. 2009; Tingay

et al. 2013; Wayth et al. 2018), LOw Frequency ARray

(LOFAR, van Haarlem et al. 2013), Expanded Owens

Valley Solar Array (EOVSA, Gary et al. 2012), the Nen-

uFAR (Zarka et al. 2018; Briand et al. 2022), the Owens

Valley Long Wavelength Array (OVRO-LWA; Hallinan

et al. 2023) are testament to this. Most of these new-

generation radio telescopes are not dedicated to solar

observations (except EOVSA), but these are the ones

that are expected to open up large expanses of pristine

phase space unexplored yet. The MeerKAT (Jonas &

MeerKAT Team 2016; Chen et al. 2021) is another such

new generation radio interferometric array, which can
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open a new frontier in solar radio physics at GHz fre-

quencies.

MeerKAT, originally known as the Karoo Array Tele-

scope, is a new-generation radio telescope located in

the MeerKAT National Park in the Northern Cape of

South Africa. It consists of 64 dishes, each with a di-

ameter of 13.5 m. Each dish is equipped with a cryo-

genically cooled receiver, making it extremely sensitive.

At present, MeerKAT has three observing bands – UHF

(544–1087 MHz), L (856–1711 MHz), and S (1750–3499

MHz) bands. The array is centrally condensed with

about 39 dishes lying within 1 km and the remaining

dishes distributed within a radius of ∼8 km. This pro-

vides MeerKAT with extremely good surface brightness

sensitivity and also allows the generation of radio im-

ages with extremely high dynamic range and image fi-

delity (e.g. Heywood et al. 2022). The dense array lay-

out of MeerKAT also implies that it has an excellent

spectroscopic snapshot sampling in Fourier plane (uv-

plane) as shown in Figure 1. This provides a very well-

behaved point-spread-function (PSF) of the MeerKAT

array and makes it well-suited for high dynamic range

(DR) spectroscopic snapshot imaging. This capability is

extremely useful for solar studies at radio wavelengths

due to the fast dynamics seen in solar radio emissions

both in the spectral and temporal domain (Mondal et al.

2019; Kansabanik 2022). There are several avenues

where high dynamic range snapshot imaging can lead

to extraordinary science ranging from the direct estima-

tion of the magnetic field of the coronal mass ejections

(CMEs) close to the Sun to studies of nonthermal emis-

sion from extremely weak radio transients.

Here we present the first imaging observation of the

Sun with the MeerKAT. Unlike standard astronomical

observations, solar observations with any radio telescope

pose several challenges. These challenges need to be ad-

dressed before MeerKAT can be used for solar observa-

tions. The primary reason behind this is that MeerKAT

was designed for observing faint astronomical sources.

To observe the Sun, the source with the highest flux

density in the sky, strong attenuators need to be used

to ensure that the astronomical signal stays in the linear

regime of the instrument. However, these same attenu-

ators cannot be used to observe the available calibrators

as these sources are orders of magnitude weaker than the

Sun. In the absence of these calibrator observations, it is

hard to estimate the instrumental gains and efforts that

are ongoing toward solving these issues. Here we use a

different technique to observe and image the Sun. In-

stead of pointing at the Sun, we pointed ∼ 2.5◦ away to

keep it in the sidelobes of the primary beam to attenu-

ate the solar emissions. The sensitivity of the MeerKAT

is sufficient to image the Sun even when it is in the side-

lobes of the primary beam. Availability of holographic

measurements of the MeerKAT primary beam up to the

second side lobe (de Villiers & Cotton 2022; de Villiers

2023) allows us to obtain flux density calibrated solar

images. We notethat there are some shortcomings of

this observing strategy. Among them, the chromatic

nature of the primary beam makes the sensitivity over

the solar disc non-uniform. Despite these shortcomings

our work substantiates the excellent imaging quality of

the MeerKAT solar data and showcase its potential for

enabling excellent solar science.

This paper is organized as follows. Section 2 presents

the details of the observations. Section 3 describes the

data analysis procedure, including calibration, imag-

ing, and primary beam correction. In Section 4, we

present our results and demonstrate some early results

we achieved using these data. Finally, in Section 5, we

conclude by giving a future outlook of the MeerKAT

solar observation.

2. OBSERVATIONS

These observations were done as a Director’s Discre-

tion Time (DDT) and Science Verification (SSV) ob-

servation under project ID SSV-20200709-SA-01. Raw

visibilities are already available in the public domain

through SARAO data achieve1. The observations were

carried out during the 6th perihelion passage of Parker

Solar Probe (PSP, Fox 2017) from 2020 September 24

to 2020 September 30. On each day, there are about

3 hours of observations centered around 10:30 UTC. In

this paper, we present results from two of these epochs

– 2020, September 26, and 2020 September 27.

Observations were done covering 856–1711 MHz with

32 K spectral channels and 8 s temporal resolution. This
provides us with data at about 26 kHz spectral resolu-

tion. Standard MeerKAT flux density calibrator, J0408-

6545, was observed at the start of observation. J0408-

6545 is used for bandpass and flux density calibration

(hereafter referred to as fluxcal). J1239-1023 is used as

a phase calibrator (hereafter referred to as phasecal) and

observed between each consecutive solar scan. Since the

Sun is a non-sidereal source, its RA–DEC changes with

time. Hence, the pointing center is changed every 15

minutes. For all the pointings, the Sun is kept at ∼2.5◦

away from the pointing center. The position of the Sun

on the primary beam for different scans is shown for

three different frequencies in Figure 2. It turns out that

at the lower part of the band, the Sun is in the first side

1 https://archive.sarao.ac.za/

https://archive.sarao.ac.za/
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Figure 1. MeerKAT spectroscopic snapshot uv-coverage. Left panel: Snapshot uv-coverage of the MeerKAT at 1
GHz. Right panel: Same uv-coverage but zoomed in over 1kλ central region. Red circle at the bottom left corner correspond
to the uv-cell for a source with the size of solar disc of 32 arcmin in angular scale.

lobe of the primary beam, while it lies in the second side

lobes or null at the higher parts of the band. This es-

sentially makes the observations at the lower part more

sensitive than the high parts of the band. Observing

the Sun keeping it at the sidelobes provide about −50

to −90 dB attenuation, depending on the frequency, to

the total solar power, which is essential to keep the sig-

nal in the linear regime all through the signal chain.

3. DATA ANALYSIS

Since the observation does not fall under the stan-

dard astronomical observation category, we did not use

SARAO Science Data Processor (SDP) pipelines for the

analysis. Instead, we did the analysis manually using

Common Astronomy Software Application (CASA) (Mc-

Mullin et al. 2007; The CASA Team et al. 2022) for flag-

ging and calibration and WSClean (Offringa et al. 2014)

for imaging.

3.1. Flagging and Calibration

The flowchart of flagging and initial calibration proce-

dures are shown in Figure 3. Initial flagging is performed

to remove bad antennas, bad channels, and other strong

radio frequency interferences (RFIs). After that, initial

calibration rounds are done using the fluxcal and phase-

cal. A total of five rounds of initial calibration were

done, each followed by post-calibration flagging steps.

Detailed procedures for flagging and initial calibration

are discussed in Appendix A and B, respectively.

Once initial calibration is done, calibration solutions

are applied to the solar scans, and self-calibration is

performed. The Sun is present in the sidelobes of the

MeerKAT primary beam. Due to the chromatic na-

ture of the primary beam, sensitivity across the solar

disc varies with frequency. On the other hand, the Sun

is a non-sidereal source. So, the position of the Sun

in the equatorial coordinate system changes with time.

Hence, we first moved the phasecenter of the measured

visibilities to the solar center and then performed self-

calibration for each 20 MHz spectral and 15-minute tem-

poral chunk separately. Improvements in DR of the im-

ages with self-calibration iterations are shown in Figure

4. A detailed description of the self-calibration proce-

dure followed here is presented in Appendix C.

3.2. Final Imaging and Primary Beam Correction

Fig. Set 1. Images of the Sun centered at 2020

September 27, 10:45 UTC.

Once the self-calibration is done, we make final im-

ages of the Sun for each spectro-temporal chunk sepa-

rately. For the final imaging, we used all baselines. All

other imaging parameters – the number of w-layers, vis-

ibility weighting, uv-taper, multiscale parameters, and

pixel size are kept the same. During the final imaging,

we did not use any pre-defined mask. Instead, we use

auto-masking parameter available inWSClean to perform
deconvolution down to 3σ, where σ is the rms calculated

close to the Sun. Due to the chromatic nature of the

primary beam, the low-frequency part of the band has
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Figure 2. Locations of the Sun with respect to the primary beam. Four different panels show the MeerKAT holographic
measured primary beam (de Villiers & Cotton 2022; de Villiers 2023). Cyan circle represent the location of the Sun on 2020
September 26 and green circle represent the location of the Sun on 2020 September 27 for a particle observing scan. The position
of the Sun changed azimuthally with different scans, but lies in the similar distances from the center of the primary beam.

better sensitivity compared to the high-frequency part.

This is evident from the spectral images shown in the

bottom panels of Figure 5 and 3.2. At high frequen-

cies, emissions from the active region bright points are

detected with good detection significance, but the ex-

tended emission from solar limbs are not detected at all

frequency chunks. To image all the structures detected

across the full band, we have convolved all images at the

resolution at the lowest frequency of the observing band.

Then we normalized each 20 MHz spectral image with

respect to the peak flux and stacked all spectral chunks

for a given scan to obtain a full band image shown in

the top panel of Figure 5 and 3.2.

Since the Sun is present at the sidelobes of the

MeerKAT primary beam, we have to correct the pri-

mary beam response across the solar disc to obtain the

correct flux density. Holographic measurements of the

MeerKAT primary beam (de Villiers & Cotton 2022; de

Villiers 2023) at L-band is available2 over the extend

of 4 degrees at an angular resolution of ∼ 223 arcsec.

We did linear interpolation to obtain the beam values

at each pixel of the image. For alt-az mount telescopes,

the sky rotates with respect to the telescope beam, and

this rotation is denoted by parallactic angle. If the beam

2 MeerKAT holographic measurements of the primary beam.

https://skaafrica.atlassian.net/wiki/spaces/ESDKB/pages/1481572357/The+MeerKAT+primary+beam#A-note-on-sidelobes
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Initial flagging of bad and RFI affected data

Flagging data with
zero amplitudes

Flagging bad channels 
and bad antenna

Flagging in clipping 
mode on flux and 
phase calibrators

Automated flagging 
using tfcrop

Extend flags for time and 
frequencies with more than 

80% flagging

First two calibration rounds

Import model for 
flux-density calibrator 

Delay calibration using 
100 good channels

Time-dependent gain 
calibration using 100 

good channels 

Bandpass calibration 
after applying delay 
and time-dependent 

gain solutions 

Time-dependent gain 
calibration using full band 
after applying delay and 

bandpass solutions 

Post-calibration flagging

Flag using tfcrop on 
residual/corrected 

visibilities

Flag using rflag on 
residual/corrected 

visibilities

Extend flags for time 
and frequencies with 

more than 80% 
flagging

Three rounds of gain calibration of phase calibrator

Apply bandpass 
solution on phase 

calibrator

Time-dependent 
gain calibration on 
phase calibrator 

scans

Scale the gain 
amplitudes to match 
phase calibrator flux 

density

Figure 3. Flowchart describing the flagging and initial calibration procedure. Green box shows the steps of initial
flagging on flux and phase calibrators. Blue box shows the first two rounds of calibration steps on the flux density calibrator.
Each calibration round is followed by post-calibration flagging steps shown in the purple box. Orange box shows the steps of
final three rounds of calibration on the phase calibrator.
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Figure 4. Changes in the imaging dynamic range
with self-calibration iterations The black dotted line
shows the iteration where amplitude-phase self-calibration
is initiated.

of the instrument is axially symmetric, then parallactic

angle correction is not important for Stokes I imaging.

As evident from Figure 2, while the main lobe of the

MeerKAT primary beam is close to axially symmetric,

that is not true for its sidelobes. In the present observa-

tion, the Sun is present on the sidelobes of the primary

beam. Hence, we performed parallactic angle correc-

tion to the primary beam before performing the primary

beam correction. We have done image plane primary

beam correction using the array-averaged response. Be-

ing at the first/second side lobe of the primary beam,

flux density measurements can have errors due to pri-

mary beam measurements. Considering different kinds

of errors as discussed in de Villiers (2023), we consider

a conservative 10% error on the measured flux density.

4. RESULTS

In this section we present the results from first

MeerKAT solar observations and compare it with simu-

lated MeerKAT solar maps at frequencies spanning our

L-band observations.

4.1. First Solar Image using MeerKAT

The first images of the Sun made using MeerKAT L-

band observations are shown in Figures 5 and 6. The top

panel shows the average image over the entire MeerKAT

L-band and the lower panels show images at individual

20 MHz bands spanning the full observing band. The

entire solar disc is clearly visible once images over the

full band are stacked together. We find that the so-

lar disc is about 35 arcmin in diameter, slightly larger

than the optical disc. MeerKAT images are overlaid

on 193Å images from the Atmospheric Imaging Assem-

bly (AIA) onboard Solar Dynamics Observatory (SDO;

Lemen et al. 2012) in Figure 6. The largest active re-

gion is co-located with the brightest radio source in the

MeerKAT images. There are multiple small active re-

gion bright points visible in AIA image, which are also

detected in MeerKAT images with high significance. In

both of these images, the diffuse quiet Sun emission from

both the limbs is also detected with good significance.

Although, visually both the images show features sim-
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Figure 5. First image of the Sun on 2020 September 26, 09:07 UTC. Top panel: Normalized average image over the
entire MeerKAT L-band. Bottom panels: Images at different 20 MHz spectral chunks across the observing band. The small
cyan dot at the bottom left is the point-spread-function of the array.

ilar to those seen in the AIA images, we go further to

verify this via comparison with corresponding simulated

solar radio images.

4.2. Simulating Solar Radio Images and Spectra

The simulated images only aim to capture the free-

free thermal emission. To generate simulated images,

a differential emission measure (DEM) inversion using

images at different wavelengths from the AIA/SDO is

performed. To reduce the computation time and imn-

prove the signal-to-noise of the obtained DEMs, the AIA

images were smoothed to a resolution of 4.8 arcsec, be-

fore DEM inversion. Note, though that the resolution

of these smoothed images is still higher than those of

the MeerKAT radio images. Following Hannah & Kon-

tar (2012, 2013), we use the output of publicly avail-
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Figure 6. MeerKAT solar images overlaid on AIA/SDO 193Å images. Left panel: Image for 2020 September 26,
09:07 UTC. Contours are at 4, 10, 40, 60 and 80% of the peak flux density. Lowest contour is at Right panel: Image for 2020
September 27, 10:45 UTC. Contours are at 7, 20, 40, 60 and 80% of the peak flux density. In both images, there are no noise
peak at the lowest contour level over a region ∼ 1 deg×1 deg. Lowest contours in both images are chosen at 20σ level, where σ
is measured rms close to the Sun.
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Figure 7. Simulated radio map and spectrum on 2020 September 26, 09:06 UTC. Left panel: Simulated radio
map of the Sun at 1.07 GHz at pixel scale of 2 arcsec. Right panel: Same image is convolved with the point-spread-function
(PSF) of the observation at 1 GHz (8arcsec).

able code3 to compute the expected free-free emission

using the code developed by Fleishman et al. (2021). A

uniform line-of-sight depth of 100 Mm is assumed all

through the image. A chromospheric contribution has

3 https://github.com/ianan/demreg/tree/master/python

been included, assuming that it is proportional to obser-

vations at 304Å . The proportionality constant is deter-

mined assuming that the chromospheric contribution to

the total brightness temperature (TB) is 10880 K (Zirin

et al. 1991). The left panel of Figure 7 shows the sim-

ulated TB map of the Sun and the right panel shows

the same map convolved to the MeerKAT angular res-

https://github.com/ianan/demreg/tree/master/python
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Figure 8. Comparison between synthetic and observed MeerKAT radio images on 2020 September 27, 10:45
UTC. Left panel: Simulated synthetic solar radio image. Right panel: Observed MeerKAT solar radio image. Both images
are made using the entire frequency range from 850 – 1600 MHz. In both the images multiple active region bright points have
been detected. Some of them are marked by cyan circles.

olution. It is evident from these figures that there are

emission at a range of angular scales all the way from

instrumental resolution to the size of the solar disc.We

note that the simulation does not incorporate any prop-

agation effects like scattering or refraction. While their

importance is well established, taking these into account

appropriately is beyond the scope of this work.

4.3. Comparing Simulated MeerKAT Images and

Observations

Radio interferometry is a Fourier imaging technique,

where each baseline of the interferometer measures one

Fourier component of the radio sky. Hence, the quality

of the images and the scales of emission captured rely

crucially on the sampling of the Fourier plane achieved

by the interferometeric observations. In order to build

the appropriate simulated image for comparison with

the observed MeerKAT images, we first create simulated

visibilities from the simulated images using MeerKAT

array configuration and observing parameters used for

these observations. These visibilities are then inverted

to make the ideal simulated image which would have

been observed by MeerKAT. A comparison between sim-

ulated MeerKAT image thus obtained and the observed

MeerKAT image at the same time is shown in Figure

8. Left panel shows the simulated MeerKAT map and

the right panel shows the observed map from MeerKAT.

The similarities between the simulated and observed im-

ages are very evident. The most striking similarities are

the locations and intensities of the various bright points,

some of them have been marked by cyan circles in both

the panels. There are also differences, the prominent

ones are the presence of noise in the regions beyond

the Sun. the limb being not as bright and well defined

in the MeerKAT image as compared to the simulated

image and the differences in details of the morphology

of the brightest active region. While the first of these

can be attributed to the combined effect of the ther-

mal noise associated with the image, the imperfections

in the calibration and imaging process, scattering in the

solar atmosphere plays a significant role for the others.

Using a simplistic description for scattering in the solar

atmosphere, Bastian (1994) found that at ∼1 GHz, one

does not expect to detect sources with angular sized <10

arcsec. So one can justifiably expect the finer features

approaching this angular size to be washed out in the

MeerKAT map, even though they are larger than the

instrumental resolution.

4.4. Comparison of Observed and Simulated Spectra

In this section, we compare observed spectra with the

expected spectra from the simulated images. As has

been mentione earlier, during these observations the

Sun was in the sidelobes of the highly chromatic pri-

mary beam of the MeerKAT. At lower parts of the band

(<1300 MHz), the Sun was in the first side lobe of the
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primary beam, while at the higher frequencies it was in

the second or higher sidelobes, as evident from Figure

2. For further analysis we have chosen spectral points

which satisfy the following two conditions:

1. The Sun should not lie beyond the first side lobe

of the primary beam, and the value of the primary

beam value towards the Sun should be > 0.001 of

the peak.

2. The emission should be detected at a level > 5σ,

where σ is the rms noise of the primary beam cor-

rected image measured very close to the Sun.

We have extracted spectra for two bright active regions

present on the Sun, which are marked by red and green

circles in the top panel of Figure 9. Corresponding spec-

tra from this Meerkat image are shown by filled circles in

the bottom panel of Figure 9. The conditions mentioned

above are satisfied only below 1070 MHz and that limits

the span of the spectra shown here.

We have extracted spectra of these two regions from

the corresponding simulated thermal radio maps (one

example is shown in Figure 7), which are shown by solid

lines in the left bottom panel of the same figure. It is

evident that observed values shown by filled circles in the

same figure are significantly different from the simulated

values. We note that the simulation describes a rather

ideal situation and can differ from observations due to

several reasons, including the following:

1. Simulation assumes the thermal free-free emission

from the coronal plasma to be only emission mech-

anism in operation. In reality, however, the emis-

sion would be a superposition of the thermal free-

free emission and gyrosynchrotron/gyroresonance

emission (Nindos 2020).

2. The simulation ignores any propagation effects,

while in reality refraction and scattering can lead

to discernible effects.

3. Interferometers are sensitive only to variations in

the brightness distributions and not to a constant

background. This implies that interferometers

have a tendency to not be sensitive to emissions

at large angular scales. The details of the largest

angular scale to which an array is sensitive de-

pends upon the details of the array configuration

and the sampling of the Fourier domain achieved

by the observation under study. This can lead to a

reduction in the observed flux density when com-

pared to simulated values.

It is eminently feasible to isolate the impact of the last

possibility mentioned above. To do this, we sampled

the simulated map of the Sun using exactly the same

Fourier sampling as achieved by the MeerKAT obser-

vations and then Fourier inverted it to generate a syn-

thetic simulated map which can be compared directly

with the MeerKAT solar maps for an apples-to-apples

comparison. The spectra from these synthetic simulated

maps are shown by unfilled diamonds in the left panel

of Figure 8. The spectra from synthetic simulated maps

are consistent with those from the observations. This

demonstrates that the large discrepancy between the

observed and simulated maps is primarily due to the

missing flux density in the MeerKAT maps. The ratio

of the flux density measured in the simulated synthetic

map to that in the simulated map is defined to be miss-

ing flux density fraction and is plotted in the right panel

of Figure 8. The missing flux density fraction decreases

with the decrease in frequency. For a given array layout,

one samples increasingly shorter spacings in the uv-plane

with decreasing frequency and missing flux density frac-

tion is expected to drop. The observed variation in the

missing flux density fraction show this trend and sub-

stantiates this to be cause of the observed differences

between the simulated and MeerKAT solar images. As

expected, the missing flux fractions for both the regions

show similar spectral behavior. While the other two rea-

sons mentioned above could also be contributing to the

observed differences, their effects, however, are smaller

than the uncertainty on these measurements.

5. CONCLUSION AND FUTURE WORK

The Sun is an extremely complicated radio source with

emissions at angular scales ranging from few tens of arc-

seconds to the size of the solar disc at GHz frequen-

cies, as is evident from simulated radio maps shown

in Figure 7. Hence to study the solar radio emission

at GHz frequencies, one requires a high DR and high-

fidelity spectroscopic snapshot imaging of the Sun. Suf-

ficiently dense spectroscopic snapshot uv-coverage of the

MeerKAT allows high DR imaging of the Sun. Solar ob-

servation with the MeerKAT is not yet commissioned,

and these observations were done keeping the Sun in the

sidelobes of the primary beam.

Here, we have presented the first images of the Sun

with the MeerKAT. To the best of our knowledge,

given the well-behaved spectroscopic snapshot PSF and

the precise calibration, the images presented here are

perhaps the highest quality spectroscopic snapshot so-

lar images at these frequencies available to date. To

demonstrate the capability of MeerKAT in producing

very high-fidelity solar images, we have compared the

MeerKAT images with the simulated synthetic images

designed to sample exactly the same Fourier components
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Figure 9. Comparison of observed spectra with simulated spectra. Top panel: A sample observed image at 887 MHz.
Two regions are marked by red and green circles where spectra have been extracted. Spectra are extracted over a 20arcseconds
region centered around these regions. Bottom left panel: Spectra for region 1 and 2 are shown by red and green colors,
respectively. Solid lines represent the simulated spectra considering thermal emission (One sample image is shown in Figure 7).
Unfilled diamonds represent spectra from synthetic MeerKAT map obtained from simulation. Filled circles represent measured
spectra from MeerKAT observation on September 26, 2020. Bottom right panel: Missing flux fraction is shown as a function
of frequency.

as the MeerKAT observations. The correspondence be-

tween the observed and simulated images shown in Fig-

ure 8 is remarkable and it is evident from that several

weak solar emissions present in the synthetic image are

detected with high significance in the MeerKAT image.

Although the spatial structures in the observed image

match well with the simulated image, from a science

perspective, it is also important to test the ability of

MeerKAT for determining the flux densities and spec-

tra of solar features. As substantiated in Section 4.3,

the MeerKAT spectra show evidence for missing flux

at higher frequencies which drops to insignificant levels

by about 900 MHz. An implication is that while the

MeerKAT images in the UHF band are not expected to

suffer from the missing flux density issue, one will need

to be careful about the missing flux density at L band
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and higher. A comparison with simulated maps radio

maps might provide a good way to quantify the missing

flux density fraction for specific observations.

While it is adequate for demonstrating the feasibility

of MeerKAT for solar observations and evaluating the

quality of the images it can deliver, a key limitation of

the present approach arises from the issues related to

imaging a source of large angular size in the chromatic

primary beam sidelobes. This was however necessitated

by the requirement to attenuate the solar signals to a

level which would keep the signal chain downstream in

its linear regime. A preferable approach for solar ob-

serving will be to keep the Sun in the main lobe of the

primary beam, and adjust the gains of the appropri-

ate elements of the signal chain to attenuate the signal

to the required levels. Some members of this team are

currently working with the MeerKAT engineering team

to develop a calibration strategy for solar observations

along these lines. Once enabled, we are convinced that,

with its with its high-fidelity spectroscopic snapshot so-

lar imaging capability, MeerKAT solar observations will

open a new frontier in solar radio physics.

The MeerKAT telescope is operated by the South

African Radio Astronomy Observatory, which is a facil-

ity of the National Research Foundation, an agency of

the Department of Science and Innovation. The authors

acknowledge the contribution of all those who designed

and built the MeerKAT instrument. D.K. and D.O. ac-

knowledge support of the Department of Atomic Energy,

Government of India, under the project no. 12-R&D-

TFR-5.02-0700. S.M. acknowledges the partial support

from USA NSF grant AGS-1654382 to the New Jersey

Institute of Technology. This research has also made use

of NASA’s Astrophysics Data System (ADS).

Facilities: MeerKAT (Jonas & MeerKAT Team

2016; Chen et al. 2021), Solar Dynamics Observatory

(SDO; Lemen et al. 2012).

Software: astropy (Price-Whelan et al. 2018), mat-

plotlib (Hunter 2007), Numpy (Harris et al. 2020), CASA

(McMullin et al. 2007; The CASA Team et al. 2022)

APPENDIX

Here we discuss in the steps followed for initial flag-

ging, initial calibration, post-calibration flagging and

self-calibration.

A. FLAGGING AND DATA EDITING

On both the epochs, there was no dead antenna. We

perform flagging on the 32 K channel data. We have

visually examined the data and identify the frequency

channels with persistent radio frequency interference

(RFI). We first flag any data with zero amplitudes. We

then flag the edge channels and all persistent RFI affects

spectral channels using flagdata task in CASA. After that
we have performed an automated flagging using flagdata
in its tfcrop mode. Once automated flagging is done, we

have extended flags for the time and frequency blocks

with more than 80% data are flagged. This initial flag-

ging gives us a comparatively clean fluxcal and phasecal

dataset to proceed with the calibration. On the solar

scans, we have flagged only the bad frequency channels.

Since, solar flux density and spectro-temporal variation

is not known a-priori, we did not perform any further

automated flagging on the un-calibrated solar scans.

Once initial flagging is done, we averaged eight spec-

tral channels of total width about 200 kHz to reduce the

data volume and perform the calibration. We have per-

formed total five rounds of calibration, which are dis-

cussed in the following section. After each round of

calibration, we apply the calibration solutions on the

fluxcal and phasecal. Each of these calibration rounds

is followed by an automated flagging using tfcrop and

then using rflag mode of the flagdata. We then extended

flags for time and frequencies where more than 80% data

have already been flagged. We did the post-calibration

flagging on the residual visibilities for the fluxcal and

on the corrected visibilities for the phasecal. The post-

calibration flagging allowed us to flag any low-level of

RFI present in the data and make the next round of
calibration solutions less affected due to outliers in the

data.

B. INITIAL CALIBRATION

We performed first two rounds of calibration and post-

calibration flagging only on the flux density calibrator,

J0408-6545. The model of J0408-6545 is not available

in CASA. This is brightest source in the field and con-

tribution to the total flux density from other sources in

this field is ∼ 1% at L-band. Hence, we use CASA task

setjy to setup the model of J0408-6545 as described in

MeerKAT calibration manual 4.

We first perform delay calibration using the entire

band using the gaincal task in CASA. Followed by this

4 J0408-6545 model

https://skaafrica.atlassian.net/wiki/spaces/ESDKB/pages/1452146701/L-band+gain+calibrators
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a time dependent amplitude-phase calibration is per-

formed on a set of good channels (channel range 1000

to 1100) after applying the delay calibration solutions.

We chose a small chunk of channels to ensure that there

is no significant frequency dependence while computing

the time dependent gain solutions. After that we use

both the delay calibration and time-dependent gain so-

lutions, and performed a normalized bandpass calibra-

tion over the entire spectral range. Once the bandpass

solution is obtained, we use the bandpass solution to

correct for frequency dependence and perform a final

time-dependent amplitude-phase gain calibration using

the full spectral range. We used solmode=L1R in gain-
cal task to make the calibration solutions robust in the

presence of outliers due to RFI. We call all these steps a

single calibration round. Once a single calibration round

is finished, we apply delay calibration, bandpass calibra-

tion and time-dependent gain calibration solutions using

the full spectral range on the calibrator corresponding

scans. Each round of calibration is followed by post-

calibration flagging as described in Section A.

After two rounds of calibration on the flux density

calibrator, we apply the delay and bandpass calibration

solutions on the phase calibrator. Then we perform

time-dependent gain solution on the phase calibrator

assuming a point source model with 1 Jy flux density

at the phase center. To scale the gain amplitudes to

match the flux density of the phase calibrator, we use

CASA task fluxscale and obtain the scaled version of the

time-dependent gain solutions. We apply these time-

dependent gain solutions on the phase calibrator scans

followed by post-calibration flagging. We have found

that after five rounds of calibration, the residual visibil-

ities for both flux calibrator and phase calibrator look

noise like and no noticeable RFI is present on the data.

We apply these final delay, bandpass and time-

dependent gain solutions obtained from flux and phase

calibrators of the solar scans using the CASA task ap-
plycal linearly interpolated across time. Since in differ-

ent scans, Sun is present at different positions of the

sky, we treat each 15 minutes solar scans separately for

self-calibration and imaging. We also did not consider

the full spectral range together, because solar flux den-

sity varies with frequency and also the sidelobe response

of the primary beam varies significantly with frequency.

Hence, after applying the initial calibration solutions ob-

tained towards the phase center, we have splited each so-

lar scans into 20 MHz spectral chunks for self-calibration

and imaging.

C. SELF-CALIBRATION

Although the Sun is at the sidelobes of the primary

beam, it is still the source with the highest flux density

contributing to the observed visibilities. Before primary

beam correction, the brightest source in the field has

flux density of 38 mJy/beam, while the peak flux den-

sity on the Sun is about 1.7 Jy/beam. Total integrated

flux density of background sources is 0.5 Jy, where the

integrated flux density of the Sun is about 15 Jy. Since

the total contribution from background sources is about

3.3%, they will not affect the self-calibration.

Since the Sun is present about 2.5◦ away from the

phase center, gain solutions towards the phase center

may not valid towards the Sun. To tackle the direction-

dependent effect, we shifted the phase center of the vis-

ibilities to the center of the Sun for each solar scans.

We split the each solar scans into 20 MHz spectral

chunks and self-calibration is performed for each spec-

tral chunks for each scans separately. This has been

done to account for the chromatic primary beam re-

sponse and spectral dependence of solar structures.

Another major challenge in self-calibrating the solar

observation is its flux distribution with baselines. As-

suming the Sun as a uniformly illuminated disc of size 32

arcmin, the first ring of the visibility amplitude distribu-

tion will lie close to 100lambda and the visibilities lie less

than 100lambda increases dramatically. Hence one needs

good uv-coverage at these baseline lengths to properly

model the emission. But, at present, there are a limited

numbers of short baselines ≤ 100λ at the MeerKAT,

which may cause deconvolution artifacts at longer emis-

sion scales. To avoid any deconvolution artifacts due to

sparse uv-coverage at ≤ 100λ, we use baselines > 100λ

during the self-calibration.

We follow the following self-calibration steps:

1. First we make a circular mask of diameter 34 ar-

cmin centered on the Sun.

2. An image is made using WSClean from the data

calibrated using fluxcal and phasecal gain solu-

tions using baselines > 100λ. We use briggs
weighting5 with robustness 0. We used a circu-

lar taper at 19kλ.

3. We kept w-stacking on in and numbers of w-plane

is chosen automatically by WSClean.

4. Deconvolution is performed using the mask cen-

tered on the Sun. Average rms (σ) close to the

5 Definition of robustness parameter in WSClean

https://wsclean.readthedocs.io/en/latest/image_weighting.html
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Sun is about 0.1 Jy. Hence, we performed decon-

volution down to 3σ, 0.3 Jy. We used multiscale

deconvolution with Gaussian scale sizes 0, 5, 9,15,

25 and 35 times the pixel size, where one pixel is

chosen to 1 arcsec.

5. Deconvolved model of the Sun is converted into

model visibilities by WSClean and used for self-

calibration.

6. We performed four rounds of phase-only self-

calibration and five rounds of amplitude-phase

self-calibration. Time-dependent gain solutions

are calculated using CASA task gaincal at 1 minute

time interval using solmode=L1R andminsnr=3 us-
ing baselines > 100λ.

7. Due to sidelobe response, visibility amplitudes

for two parallel-hand polarizations (XX and Y Y )

could be different. Hence, during the amplitude-

phase self-calibration, we make separate sky mod-

els for XX and Y Y polarizations.

8. Since some long baseline antennas do not have

sufficient signal-to-noise ratio for performing self-

calibration, some of them are flagged. Hence, a

time-dependent gain solutions are applied using

applycal task of CASA in calonly mode to keep the

long baseline antenna with initial calibration solu-

tions.

We have calculated the dynamic range (DR) of the

image as the ratio of peak solar flux density and the

measured rms close to the Sun. Changes in DR with

self-calibration iterations is shown Figure 4. We no-

ticed there is jump in DR when amplitude-phase self-

calibration has been initiated, but not a dramatic im-

provement is observed. Although, we did not see any

significant change in DR with self-calibration iterations,

it is evident from final images shown in Figure 5 and

3.2 that, there is no significant deconvolution artifacts,

which makes these images of having high-fidelity.
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