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Abstract

Magnetic field couples the solar interior to the solar at-
mosphere, known as corona. Coronal magnetic field is
one of the crucial parameters which determines the coronal
structures and regulates the space weather phenomena like
flares, coronal mass ejections, energetic particle events and
solar winds [1, 18]. Measuring the magnetic field at mid-
dle and higher coronal heights are extremely difficult prob-
lem and to date there is no single measurement technique
available to measure the higher coronal magnetic fields rou-
tinely. polarization measurements of the low-frequency ra-
dio emissions are an ideal tool to probe the coronal mag-
netic fields at higher coronal heights (> 1R⊙). Till date
most of the low-frequency polarization observations of the
Sun were limited to bright solar radio bursts. Here we
developed a novel algorithm for performing precise po-
larization calibration of the solar observations done with
Murchison Widefield Array, a future Square Kilometer Ar-
ray (SKA) precursor. We have brought down the instru-
mental polarization < 1%. We anticipate this method will
allow us to detect very low level polarised emissions from
coronal thermal emissions, which will become a tool for
routine measurements of global coronal magnetic field at
higher coronal heights. This method can be easily adopted
for future SKA and open a window of new discoveries us-
ing high fidelity spectro-polarimetric snapshot imaging of
the Sun at low radio frequencies.

1 Introduction

Solar magnetic fields are responsible for the bulk of the
observed solar phenomenon, spanning a range of time
scales from solar cycle to flares lasting milliseconds and
in terms of the energetics from massive coronal mass ejec-
tions (CMEs) to nanoflares. Magnetic fields, however, are
rather hard to measure and observations in visible and ex-
treme ultra-violet (EUV) are able to provide routine esti-
mates of magnetic fields only at low coronal heights [19].
Under favourable circumstances, radio observations have
also been used to estimate coronal magnetic fields associ-
ated with active regions and/or CMEs [1]. Most of the radio
studies have focused on the active emissions and the global
quiescent coronal magnetic fields at high coronal heights

have remained beyond reach. Polarization properties of the
radio emissions can provide strong constraints on the emis-
sion mechanism and serve as a direct probe of coronal mag-
netic fields. Despite its well appreciated importance, low-
frequency polarimetric observations of the Sun are one of
the least explored area of solar physics, mainly due to the
technical difficulties in making these measurements. Po-
larimetric imaging is essential for estimating the quiescent
global coronal magnetic fields by measuring the low level
of polarization of the diffuse free-free emission [14]. The
variation of solar emission over small temporal, spectral,
spatial and brightness temperature (TB) scales imposes a re-
quirement for high dynamic range snapshot spectroscopic
imaging. The Murchison Widefield Array (MWA) [16] op-
erating at 80 – 300 MHz, has a large number of antenna
elements spread over a small footprint in a centrally con-
densed configuration and is especially well suited for high
dynamic range high fidelity snapshot spectroscopic imag-
ing. This capability has convincingly been demonstrated
for spectroscopic snapshot Stokes I imaging [10] and has
enabled interesting studies [9, 12, 11]. Here we present a
general algorithm for polarimetric calibration and imaging
suitable for our application and demonstrate the efficacy of
its implementation on the MWA solar data.

2 Challenges and Limitations

While a general prescription of polarization calibration has
been available [3], the complexity of the problem and
its compute heavy nature have restricted most commonly
available implementations to make some simplifying as-
sumptions. The challenges of low-frequency solar obser-
vations using aperture arrays are related to the large field of
views (FoVs) and the nature of the instrument. A compre-
hensive study of a successful approach to deal with these
challenges for astronomical observations is available in the
literature [7]. In addition to these challenges, solar observa-
tions at these frequencies have additional challenges to deal
with. The large flux density of the Sun, and the wide FoVs
imply that day-time calibrator observations are corrupted
by solar contributions. Hence calibrators for solar obser-
vations are usually observed before sunrise or after sunset.
The large time gap between the calibrator and the source
observations, in addition to the difference in pointing di-



rection, reduce the ability of calibrator observations to con-
strain the true state of the instrument and the ionosphere.
This forces an increased reliance on self-calibration based
methods to obtain high dynamic range solar radio images.
Despite these challenges, polarization imaging have been
tried using an ad-hoc approach to mitigate the instrumental
polarization [8], which we refer to as method-I hereafter.
The ad-hoc nature of the assumptions and the use of night
time calibrator observations reduce the fidelity and dynamic
range of the resulting image well below the intrinsic capa-
bility of the data. Method-I is also known to give rise to
some spurious polarization for very bright solar radio bursts
and canot be used for reliable detection of very low levels
of circular polarization (for e.g. ≲ 1% circular polarization
from the quiet Sun thermal emission [14]).

2.1 Algorithm of P-AIRCARS

For low radio frequency solar observations with aperture
arrays, it is not feasible to obtain calibrator observations at
nearby times with the same primary beam pointings as used
for target observations, hence, this algorithm is designed to
not require any calibrator observations. We refer to this
algorithm as Polarimetry using Automated Imaging Rou-
tine for Compact Arrays for the Radio Sun (P-AIRCARS).
We perform the full Jones matrix calibration using CubiCal
[6] which uses complex optimization and Wirtinger deriva-
tive. P-AIRCARS builds on three pillars; i) self-calibration,
ii) availability of a reliable instrumental beam model [15]
and iii) some well-established universal properties of low-
frequency solar emission. In radio interferometry, the ob-
servable is the cross-correlation between antennas i and j,
known as visibility, Vi j. The true Vi js are corrupted due
to instrumental and atmospheric propagation effects. It is
standard practice to write the instrumental Jones matrices
as a chain of independent 2×2 matrices, each with its dis-
tinct physical origin and referred to as a Jones chain. The
observed V ′

i j is related to true Vi j using Measurement Equa-
tion as:

V ′
i j =Ji Vi j J†

j +Ni j, (1)

where Ni j is the additive noise matrix. We estimate each of
the Jones terms in the Jones chain step-by-step during the
calibration process.

2.2 Intensity and Bandpass self-calibration

We first estimate the time variable instrumental and iono-
spheric gain, Gi(t), normalized over all antenna elements of
the array using a single frequency channel. Making use of
the compact and centrally condensed array configuration of
the MWA and the very high flux density of the Sun, we esti-
mate both antenna gains, Gi(t)s and the apparent source vis-
ibility, Vi j,Gcor(t) iteratively. We start with the calibration
of only the phases of Gi(t)s using all the baselines originat-
ing from the core antennas of the MWA. Once phase-only
self-calibration converges, the algorithm moves to ampli-
tude and phase self-calibration. No assumptions are made

about the polarimetric properties of Vi j,Gcor(t). A 2×2 ma-
trix calibration is performed with the only constraint that
Gis must be diagonal.

Since the instrumental bandpass amplitudes and phases
vary across frequency, bandpass calibration is required be-
fore combining multiple spectral channels to make an im-
age. Conventionally, instrumental bandpass is determined
using standard flux density calibrator sources with known
spectra. Lack of availability of suitable calibrators pushes
us to rely on bandpass self-calibration. This, in turn, re-
quired us to find a way to deal with the degeneracy between
the instrumental bandpass shape and the intrinsic spectral
structure of the source (Sun). For convenience we perform
the bandpass calibration over a narrow bandwidth of 1.28
MHz picket bands and assume that the spectral structure
of the Sun to be flat over the calibration bandwidth during
sufficiently quiet solar condition. The inter picket band-
pass amplitudes are corrected using an independent method
described by Kansabanik. D, et al. 2022 (accepted for
publication in the Astrophysical Journal). Bandpass self-
calibration improves the image quality and increases the
dynamic range about a factor of two.

2.3 Polarization self-calibration

The Jones matrix corresponding to the residual phase dif-
ference between two orthogonal receptors of the reference
antenna causes a leakage from Stokes U to V and vice versa.
We use an image based cross-hand phase calibration with
the night time observations of polarized sources relying on
a method suitable for low-frequency aperture array instru-
ments with large FoV [2]. Then we correct the direction
dependent full Stokes ideal primary beam response of the
MWA [15]. Method-I assumes that the leakage from Stokes
I to other Stokes components remains essentially constant
across the angular span of the solar disc. While this as-
sumption is valid for some pointing directions, it is not true
in general. We find that the percentage variation across the
solar disc could be as large as 50%. Hence, it is manda-
tory to correct for the direction dependent primary beam
response for precise polarization calibration.

Since no calibrator observation is available during solar ob-
servation, there is a degeneracy between true source polar-
ization and residual instrumental polarization caused by the
errors the ideal primary beam model, Dis. It is not possible
to break this degeneracy using self-calibration. To break
this degeneracy, we use a perturbative approach. First we
perform an image based correction of the leakages based on
some well known physical properties of the quiet Sun ther-
mal emission at meter-wavelengths. These properties are:
Quiet Sun thermal emission can produce a very low level of
circular polarization (≲ 1%) [14] , and no linear polariza-
tion is expected [1]. We use the source model obtained after
image based correction as an initial model for perturbative
polarization self-calibration.



Contour levels:2,4,6,10,20,60% Contour levels : 0.4,1,4,10,20,40,60% Contour levels:0.1,0.2,0.4,2,6,20,40,80%

Figure 1. Showcase of circular polarization images for different types of solar radio bursts. Red contours represents the
Stokes I emissions. Contour levels are at 1, 2, 4, 6, 8, 10, 20, 40, 60, 80 % of the peak flux density. Residual Stokes V leakage
in all of these images is ≲ 2% a. A type-I noise storm at 159 MHz is shown. The dynamic range of the Stokes I and Stokes V
images are 788 and 518 respectively. Maximum circular polarization fraction is -89%. b. A type-II solar radio burst at 119 MHz
is shown. The dynamic range of the Stokes I and Stokes V images are 900 and 950 respectively. Maximum circular polarization
fraction is -53%. c. A type-III solar radio burst at 118 MHz is shown. The dynamic range of the Stokes I and Stokes V images
are 12000 and 2822 respectively. Maximum circular polarization fraction is -16%.

2.3.1 Perturbative correction : Poldistortion estima-
tion and correction

Since we have already made a first order image based cor-
rection, true errors on ideal beam, Di,trues, are expected to
be close to the identity matrix. The small residual errors
in source model can cause a deviation of the average esti-
mated Di from identity. This average deviation is referred
to as poldistortion, PD. We estimate PD by minimizing the
sum of the variance of the differences of Di,true from iden-
tity matrix, I as,

∂S
∂PD

=
∂

∂PD
∑

i
var(Di,true − I)

PD = [(∑
i

D†
i Di)

−1
∑

i
D†

i ]
−1

(2)

We then correct the visibilities using Di,true and obtain the
final true source visibility.

3 Results

P-AIRCARS is the state-of-the-art polarization calibration
algorithm for low-frequency solar polarimetry. We have
tested this algorithm on several datasets from MWA under
different solar conditions. Figure 1 presents the Stokes I
and V images for different solar radio bursts. Generally,
P-AIRCARS obtains ≲ 2% residual leakages for Stokes Q
and Stokes U and ≲ 1% residual leakage for Stokes V. Such
accuracy in polarization calibration is similar to what is ob-
served for astronomical observations [7] and has not re-
ported earlier for any polarimetric solar radio studies [8].
We note that prior to AIRCARS [10], the highest imag-
ing dynamic range for solar imaging at metrewaves was a
few hundred (< 300) and the imaging fidelity was too poor
to be able to reliably detect features of strength few per-
cent of the peak. P-AIRCARS improves the dynamic range

and image fidelity compared to AIRCARS, which leads to
detection of much fainter gyrosynchrotron emissions from
CMEs (Kansabanik et al., 2022, in preparation) compared
to previous studies [12]. Since a robust polarization cali-
bration is implemented in P-AIRCARS, all known instru-
mental effects are estimated and corrected. The errors on
the circular polarization fraction come primarily from the
thermal rms noise of Stokes I and V images and not from
uncorrected instrumental leakages or ad-hoc assumptions
involved. The rms noise for Stokes I and V images is sig-
nificantly smaller than that obtained using method-I. Figure
1 shows the Stokes I and V images from type-I, type-II, and
type-III solar radio bursts. The peak circular polarization
for these radio bursts is -89%, -53%, and -16%, and the
peak flux densities 70, 180 and 350 SFU respectively. Note
that the peaks of the Stokes I and V emissions are not co-
incident for Fig. 1c. In this image, despite the presence of
the bright type-III burst emission, the high DR enables us to
detect a significant part of the quiet Sun Stokes I emission,
which was barely visible in the images from method-I.

4 Conclusion

We have developed a sophisticated and robust state-of-the-
art polarization calibration algorithm tailored for the needs
of low-frequency solar observations. P-AIRCARS takes
advantage of the MWA design features to perform full po-
larimetric calibration without requiring dedicated observa-
tions of calibrator sources. Though P-AIRCARS has been
developed for polarization calibration of the solar obser-
vations, its core algorithms is general and do not impose
any solar specific constraints. The perturbative approach
followed here can be used for full Jones polarization self-
calibration of the astronomical observations when a good
initial sky model is available. We present the first imple-
mentation of polarization self-calibration for solar obser-



vations and demonstrate its capability to achieve high dy-
namic range and high fidelity polarization images. The
residual Stokes leakages for these images are on par with
the usual astronomical images. P-AIRCARS has been de-
veloped with the future SKA in mind. It can be easily
adapted for unsupervised generation of high fidelity high
dynamic range full Stokes images for the SKA and other
similar instruments. We envisage that it will serve as a very
useful tool for the solar and heliospheric physics commu-
nity in times to come.
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