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Abstract

Magnetic field couples the solar interior to the solar atmo-
sphere, known as the corona. The coronal magnetic field
is one of the crucial parameters which determines the coro-
nal structures and regulates the space weather phenomena.
Measuring the magnetic field at middle and higher coronal
heights is an extremely difficult problem. It is particularly
more challenging for the quiet solar corona, where the mag-
netic field strength is small. To date, there is no single mea-
surement technique available to measure the quiet coronal
magnetic field at middle and higher coronal magnetic fields.
Theoretically, it is possible to measure the quiet Sun coro-
nal magnetic field using very small (< 1 %)induced circu-
lar polarization of thermal emission at low radio frequen-
cies, which is not detected to date. With the newly devel-
oped precise polarization calibration of the solar observa-
tions done with the Murchison Widefield Array, a future
Square Kilometer Array (SKA) precursor, we have brought
down the instrumental polarization < 1 %. This precise cal-
ibration allows us to detect the induced circular polarization
from the quiet Sun for the first time. We have measured the
magnetic field strength of the quiet solar corona using this
method. We anticipate this method will provide good con-
straints to the different magnetic field extrapolation meth-
ods used largely for coronal magnetic field estimation.

1 Introduction

Solar corona is the outermost layer of the Sun and is made
up of hot magnetized plasma. The magnetic field perme-
ating this plasma couples the solar atmosphere to the so-
lar interior. 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 energy from massive coronal mass ejec-
tions (CMEs) to nanoflares. Hence, to understand coronal
dynamics it is essential to measure and understand the ever-
evolving coronal magnetic fields. The sun and the corona
are routinely observed using multiple space and ground-
based instruments, spanning the range from radio to X-ray
wavelengths. Magnetic fields, however, are rather hard to
measure, and the observations at infrared wavelengths can

This paper's copyright is held by the author(s). It is published in these proceedings and included in any archive such as IEEE Xplore under the license

provide routine estimates of magnetic fields at low coronal
heights (1). Under favorable circumstances, radio obser-
vations have also been used to estimate coronal magnetic
fields associated with active regions and/or CMEs (2). 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. Hence for
quiet coronal magnetic fields are estimated using different
extrapolation techniques (3; 4; 5).

To understand the evolution of the large-scale magnetic
field of the quiet Sun, one has to measure the magnetic field
over a small time scale. Polarization measurements of the
induced circular polarization of the quiet Sun thermal emis-
sion can be used to measure the global coronal magnetic
field over much larger coronal heights (6) routinely using
small temporal integration. Despite its well-appreciated im-
portance, these measurements have not been possible due
to technical and instrumental limitations. These limitations
have been overcome using a new generation instrument, the
Murchison Widefield Array (MWA) (7), operating at 80 —
300 MHz. This along with a robust polarization calibra-
tion and imaging pipeline, called ‘“Polarimetry using Auto-
mated Imaging Routine for the Compact Arrays for the Ra-
dio Sun" (P-AIRCARS) (8), allows us to make full Stokes
solar images with high-fidelity and high-dynamic-range.

In this paper, we present the first detection of induced circu-
larly polarized emission from thermal emission of the quiet
Sun. The rest of the paper describes the theoretical expecta-
tions (Section 2), the effect of propagation on the estimated
magnetic field, and a simple method to estimate the quiet
coronal magnetic field using the detected circular polariza-
tion.

2 Theoretical Predictions

At radio wavelength, the induced circular polarization of
the quiet Sun thermal emission can be used to measure
the large-scale global coronal magnetic field (6). Ther-
mal bremsstrahlung emission is intrinsically un-polarized.
While it propagates through the birefringent magnetized
coronal plasma, the ordinary (O-mode) and extra-ordinary
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Figure 1. First ever detection of induced circular polar-
ization from the quiet Sun thermal emission. Circular
polarisation images at 96 MHz are shown. The images are
made over 160 kHz spectral and 0.5 s of temporal integra-
tion. The inner white circle represents the optical disk of
the Sun. Top panel : This is a circular polarization im-
age. The red box shows the quiet Sun region. Bottom panel
:This shows the circular polarization fraction image. The
average circular polarization faction over the quiet Sun re-
gion is about 0.5 %.

(X-mode) polarization components of the thermal emis-

sions are absorbed differentially. This differential absorp-

tion produces circular polarization with polarization frac-

tion, r¢ (9):
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where, Ty x and Ty, o are the brightness temperature of X-
and O-mode polarization.
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The value of r. depends on the line of sight magnetic field
of the solar corona. Hence, if one can measure the r, it can
be reverted to measure the line of sight integrated magnetic
field strength at middle and higher coronal heights. Accord-
ing to the theoretical prediction, (6), the expected circular
polarization is = 0.5 — 0.8 %, for an average quiet Sun pho-
tospheric magnetic field of 0.5 G, which can be detected
with very precise polarization calibration.

3 First Detection of Circular Polarization
from Quiet Sun

Using P-AIRCARS we have successfully detected the cir-
cularly polarized emission from quiet Sun thermal emission
for the first time. Figure 1 shows the first-ever detection
of circular polarization from quiet Sun. The left panel is
the circular polarization images in calibrated flux density.
The white circle represents the optical disk of the Sun and
the black dotted circle represents the 2 R.. The image is
made at 96 MHz and only over 160 kHz spectral and 0.5 s
temporal integration. The quiet Sun region is chosen with
Tg < 10° K and marked by the red square box in the left
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panel of Figure 1. We have detected circularly polarized
emission over a significant region with more than 7¢ detec-
tion significance. The right panel shows the circular polar-
ization fraction image of the same observation. The average
circular polarization over the quiet Sun region is ~ 0.5 %,
and the residual instrumental leakage is < 0.07 %. This
extremely small residual instrumental leakage makes the fi-
delity of this detection high.

4 Propagation Effects in Corona

At low radio frequencies, there are two major propagation
effects — refraction and scattering. The presence of the
magnetic field in the corona makes it an-isotropic and in-
homogeneous. The refractive index in the in-homogeneous
corona at low frequencies varies from zero to unity. Hence,
the ray paths are not straight in the corona. To estimate the
absorption of both the X- and O-mode accurately, one has
to find the ray path along which the energy propagates and
has to integrate the absorption coefficients along that ray
path.

We have used the Haselgrove equations (10; 11; 12) to
determine the ray path in the corona. Haselgrove equa-
tions are ordinary differential equations in two dimensions.
There are two magneto-ionic quantities in Haselgrove equa-
tions (6), which are directly related to the coronal electron
density and magnetic field. These two quantities are:

2
1. X = % where V, is the plasma frequency, and Vv is

the observing frequency. Under the cold plasma as-
sumption, V, is proportional to the ,/n., where ne is
the local electron density.

2. Y is a vector parallel to the magnetic field and its
length is equal to the magneto-ionic parameter; ¥ =
%, where, V. is the electron gyro-frequency, which

depends on the magnetic field strength.

This dependency of the optical depth on electron density
and magnetic field distribution allows estimating both the
coronal electron density distribution and magnetic field dis-
tribution based on some free parameter models. Coronal
electron density distributions were estimated previously by
the multi-frequency quiet Sun observations at low radio fre-
quencies using Nangy Radioheliograph (13) and LOFAR
(14). One can solve Haselgrove equations for different real-
izations of free parameters and fit the observed circular po-
larisation to constrain these free parameters of the magnetic
field model and estimate the magnetic field at any coronal
heights using this magnetic field model constraint by obser-
vations.

In this work, we have only considered the effects of refrac-
tion into account. At low radio frequencies, another major
effect is scattering. Corona density inhomogeneities cause
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Figure 2. Variation of circular polarization fraction
against the LoS averaged magnetic field strength at 2
Rq. Variations for different frequencies are shown in dif-
ferent colours. Circular polarization fraction increases with
the magnetic field, and at the low frequencies. The blue dot
corresponds to the averaged circular polarization fraction
of 0.5 % at 96 MHz. Corresponding LoS magnetic field
strength at 2 R, is about 380 mG.

the scattering of the radio emission. Scattering is a non-
linear process. Its effect can be determined statistically, but
the exact inversion of the scattering effect is a challenging
problem. The effect of scattering on type-III radio bursts
(15) and quiet Sun emissions (16) has been studied recently.
But, the effect of scattering on the measured circular polar-
ization fraction from quiet Sun thermal emission has not
been studied in detail, which is out of the scope of this pa-
per.

S Estimated Quiet Sun Coronal Magnetic
Field

For simplicity, in this work, we have assumed Newkirk
coronal density model (17), and a very simple radial mag-
netic field model; By = Bo(:£)7>?? (18) . We have
solved the Haselgrove equations in two dimensions and ob-
tained the circular polarization fraction at different observ-
ing frequencies for different LoS averaged magnetic field
strengths. Variation of circular polarization fraction against
the LoS averaged magnetic field strength at 2 R, is shown
in Figure 2. We have detected an average circular polar-
ization fraction of 0.5 % at 96 MHz. Blue dot in Fig-
ure 2 shows the observed circular polarization fraction at
96 MHz. Corresponding estimated LoS averaged magnetic
field strength at 2 R, is about 380 mG.

6 Conclusion

Magnetic field measurements at coronal heights are ex-
tremely challenging. One of the ideal methods known is the
circular polarization measurements of the quiet Sun ther-
mal emission. At the same time, it is also known that the
induced circular polarization of thermal emission for the
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quiet Sun is extremely small. But, due to technical and
instrumental limitations, there was not a single measure-
ment of the induced circular polarization from quiet Sun
thermal emission. With very precise polarization calibra-
tion and new technology instruments, like the MWA, we
have detected the induced circular polarization from quiet
Sun thermal emission for the first time. To verify our de-
tection with theoretical expectations (6), we have estimated
the magnetic field strength considering only the refraction.
We find the estimated LoS magnetic field strength comes
out as 380 mG, which is a similar order of magnitude as
predicted by several extrapolation methods.

The radial magnetic field model used in this work does not
represent the true magnetic field of the corona. In the future,
we will incorporate a more realistic parameterized magnetic
field model and fit the free parameters of the model us-
ing multi-frequency polarimetric observation of quiet Sun
circular polarization. We also need to study the effects
of scattering on the measured polarization fraction and es-
timate the level of uncertainty it introduces in the mag-
netic field measurements. Although there is still a lot of
work to do to extract the accurate magnetic field strength
of the solar coronal at higher heliocentric heights, this first
detection allows the community to explore this in detail,
which was not explored in detail due to the unavailability
of the detection. This work is a first step towards using
the spectro-polarimetric radio observation of quiet Sun for
coronal magnetography.
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