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Abstract

It is well known that magnetic field strength (B) in the solar corona can be calculated using the Alfvén Mach
number (M,) and Alfvén speed (v4) of the magnetohydrodynamic shock waves associated with coronal type II
radio bursts. We show that observations of weak circularly polarized emission associated with the harmonic
component of the type II bursts provide independent and consistent estimates of B. For the coronal type II burst
observed on 2021 October 9, we obtained B ~1.5 G and ~1.9 G at a heliocentric distance (r) of 1.8 R, using the

above two techniques, respectively.

Unified Astronomy Thesaurus concepts: Solar coronal mass ejections (310); The Sun (1693); Solar magnetic fields

(1503); Solar radio emission (1522); Solar corona (1483)

1. Introduction

Most of the dynamical processes occurring in the solar corona
are directly related to the magnetic field. Measurement of the latter
is currently one of the widely pursued efforts in observational
solar astronomy (see, e.g., Casini et al. 2017). Radio techniques
are useful in this connection since field strengths can be measured
both against the solar disk as well above the solar limb (see, e.g.,
White & Kundu 1997; Gelfreikh 2004 for observations in the
“inner” corona, i.e., over r < 1.1 R.). In the case of the “middle”
corona (1.1 R, <r<3.0R.), observations of low-frequency
(<100 MHz) nonthermal radio bursts appear to be the potential
tool at present. Though estimates using thermal radio emission
from the “undisturbed” Sun are feasible, such observations are
extremely rare and also require special circumstances (Kathiravan
et al. 2002; Sastry 2009; Ramesh et al. 2021). The majority of the
bursts are due to plasma processes (McLean & Labrum 1985). In
the presence of a magnetic field, plasma emission propagates in
two modes, i.e., ordinary (O) and extraordinary (X) modes, with
opposite senses of rotation of the electric field vector. The
propagation characteristics of these two modes in the solar corona
are different. So there would be a resultant circular polarization
(Melrose & Sy 1972; Ramesh et al. 2011b). The degree of circular
polarization (dcp) is directly related to the strength of the magnetic
field in the source, particularly in the case of harmonic plasma
emission (Melrose et al. 1980). The polarization of the
fundamental component is less straightforward but it also depends
on the properties of the magnetic field. Hence observations of
polarized radio bursts are a useful tool to estimate B. Several
examples involving circularly polarized emission from harmonic
type III bursts have been reported (Komesaroff 1958; Dulk &
Suzuki 1980; Hanasz et al. 1980; Zlotnik 1981; Mercier 1990;
Reiner et al. 2007; Ramesh et al. 2010c; Sasikumar Raja &
Ramesh 2013b; Hariharan et al. 2014; Pulupa et al. 2020). In the
present work, we focus on type II radio bursts from the solar
corona since they are closely associated with CMEs (see, e.g.,
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Aurass 1997; Lara et al. 2003; Cho et al. 2005; Gopalswamy et al.
2005; Lin et al. 2006; Gopalswamy 2006; Shanmugaraju et al.
2006; Cho et al. 2008; Gopalswamy et al. 2009; Ramesh et al.
2010b, 2012a; Gopalswamy et al. 2013; Zucca et al. 2014a;
Kumari et al. 2019). The coronal magnetic field provides the
energy that drives the CMEs. The bursts result from the excitation
of plasma waves in the ambient medium due to nonthermal
electrons accelerated by CME-driven MHD shock propagating
outwards through the solar atmosphere. Radio spectral observa-
tions show the bursts as an intense narrow band of transient
emission drifting slowly toward lower frequencies. The drift rate
is typically <1 MHz s~ . The drift is due to the decrease of the
electron density (V,) in the solar atmosphere with increasing r. It
is generally accepted that the radio waves are emitted near the
local electron plasma frequency (f},) and/or its harmonics. The
corresponding emission in the spectra are called the fundamental
(F) and harmonic (H) components of the type II burst. Sometimes,
either or both the F and H bands of emission exhibit two branches,
the lower-frequency branch (LFB) and the upper-frequency
branch (UFB). Such events are called split-band type II bursts
(see, e.g., Nelson & Melrose 1985 for details). It is well known
that the Alfvén Mach number (M,) and Alfvén speed (v4)
obtained from spectral observations of either the split-band
structure or other characteristics exhibited by some of the type II
radio bursts can be used to estimate B (Smerd et al. 1975; VrSnak
et al. 2002; Gopalswamy & Yashiro 2011; Zucca et al. 2014b;
Hariharan et al. 2015; Kishore et al. 2016; Kumari et al.
2017b, 2017c; Mancuso et al. 2019). There are reports that B can
be obtained using observations of circularly polarized radio
emission associated with the H-component of type II bursts also
(Hariharan et al. 2014; Kumari et al. 2017a). We wanted to
establish that the different radio methods involving type II radio
bursts provide consistent estimates of B so that either or all of
them could be used depending on the type of observational data
available. Hence the present work.

2. Observations

The radio spectral data were obtained with the Kodaikanal
solar observatory Radio Spectrograph (KRS; Indrajit et al. 2021)
in the frequency range 85-35 MHz. It is a one-dimensional array
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Figure 1. KRS dynamic spectra of type II and III radio bursts from the solar corona observed on 2021 October 9. The slower drifting emission in the interval
~06:34-06:40 UT corresponds to a type II burst. The arrow marks indicate F and H bands in the burst. The faster drifting emission during the period

~06:41-06:45 UT is a group of type III bursts.

of eight log-periodic dipole antennas (LPDA; Ramesh et al.
1998) set up along a north—south baseline. The half-power width
of the response pattern (“beam”) of KRS for observations near
the zenith is ~90° x 6° (R.A. x decl.) at the highest frequency
of operation, i.e., 85 MHz. While the width of the response
pattern along R.A. is nearly independent of frequency, its width
along the decl. varies inversely with the frequency. The
observations were in the swept-frequency mode over the
aforementioned frequency range with a sweep time ~100 ms.
The observing bandwidth at each frequency is ~125 kHz. For
polarization data, we used observations with the Gauribidanur
Radio Interferometer Polarimeter (GRIP; Ramesh & Sastry 2005;
Ramesh et al. 2008) at 80 MHz. The GRIP is operated by the
Indian Institute of Astrophysics in the Gauribidanur Observatory
(Ramesh 2011; Ramesh et al. 2014) located about 100 km north
of Bangalore.” It is an East-West one-dimensional interferom-
eter array and observes the circularly polarized flux density
from the “whole” Sun. Linear polarization, if generated at the
corresponding radio source region in the solar atmosphere, gets
canceled out in the corona itself due to the physical properties
of the medium (Grognard & McLean 1973; Morosan et al.
2022). The half-power width of the GRIP response pattern is
broader compared to the Sun in both R.A. (=~1°5 at 80 MHz)
and decl. (=90°). The latter is frequency independent. Thus,
observations with the GRIP in the transit mode essentially
reproduce its east—west “beam’” at the observing frequency with
amplitude proportional to the strength of the emission from the
“whole” Sun at the corresponding frequency, weighted by the
antenna gain in the corresponding direction. The two-dimen-
sional radio images were obtained with the Gauribidanur
Radioheliograph (GRAPH) at 80 MHz (Ramesh et al.
1998, 1999a, 2006b). The GRAPH is a T-shaped radio
interferometer array of 384 LPDAs. Its angular resolution for
observations close to the zenith is ~4 x 6 (R.A.x decl.) at the
above frequency. The integration time is ~250ms and the

3 https: //www.iiap.res.in/2q=centers /radio

observing bandwidth is ~2MHz. We also used data
obtained with the Gauribidanur Low-frequency Solar
Spectrograph (GLOSS; Ebenezer et al. 2001, 2007; Kishore
et al. 2014; Hariharan et al. 2016b, Gauribidanur Radio
Spectro-Polarimeter (GRASP; Sasikumar Raja et al. 2013a;
Hariharan et al. 2015; Kishore et al. 2015; Mugundhan et al.
2018b), and e-CALLISTO (Monstein et al. 2007; Benz et al.
2009) to supplement KRS observations. For information on
CMEs, we used the catalog generated from observations with
the Large Angle and Spectrometric Coronagraph C2 (LASCO-
C2; Brueckner et al. 1995) on board the Solar and Heliospheric
Observatory (SOHO).4 We also used data obtained with the
Extreme Ultra-Violet Imager (EUVI) which is part of the Sun—
Earth Connection Coronal and Heliospheric Investigation
(SECCHI; Howard et al. 2008) instruments on board the Solar
Terrestrial Relations Observatory-A (STEREO-A).”

Figure 1 shows the dynamic spectrum of F-H type II burst
observed with KRS on 2021 October 9. It is inhomogeneous
and fragmented (see, e.g., Carley et al. 2021). The estimated
shock speed from the burst assuming the widely used electron
density model of Vrinak et al. (2004) for the active region
corona, is ~1041 kms~'. This is in good agreement with the
corresponding value of ~934 km s reported from similar
radio spectral observations elsewhere.® The burst was asso-
ciated with a 2B class Ha flare from the sunspot region NOAA
Active Region 12882 located at the heliographic coordinates
NI7E09. The flare was reported during the epoch
~06:26-07:22 UT with a maximum at =06:38 UT. There
was also an M1.6 class GOES soft X-ray flare observed in the
interval ~06:19-06:53 UT with a maximum at ~06:38 UT.
The SOHO/LASCO-C2 coronagraph observed a “halo” CME
at ~07:00 UT with an angular width of ~262°. The central
position angle (CPA, measured counterclockwise from the

4 https:/ /wwwbis.sidc.be /cactus /catalog.php
https: //corl.gsfc.nasa.gov

6 https://ftp.swpc.noaa.gov /pub/warehouse/
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Figure 2. GRIP observations (at 80 MHz) of Stokes / and V emission associated with the different bursts in Figure 1. The dashed and thick lines in the upper and lower
panels correspond to the observations and their fit, respectively. Emission in the period ~06:37-06:40 UT corresponds to the H-component of the type II burst in
Figure 1. The deflections during the epochs ~06:34—06:37 UT and ~06:41-06:45 UT relate to the F-component of the type II burst, and type III burst group in

Figure 1, respectively.
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Figure 3. The 80 MHz GRAPH observations of the type II burst H-component
in Figure 1 at ~06:38 UT. The circle indicates the extent of the solar
photosphere. The inset near the lower-left corner represents the GRAPH “beam”
at the above frequency. The data were calibrated using the standard Astronomical
Image Processing System.

solar north) of the CME is ~248°. The maximum speed of the
CME is ~844kms ' in the plane of sky (POS). This is
reasonably consistent with the type II burst shock speeds
mentioned above considering that the deprojected speed of a
“halo” CME whose associated source region is near the
center of the solar disk is expected to be greater than the
corresponding POS speed (see, e.g., Kathiravan & Ramesh
2004; Paouris et al. 2021). Note that speed estimates using
radio spectral observations are independent of the source

location (see, e.g., Michalek et al. 2005). The average
instantaneous bandwidth of the type II burst in Figure 1,
estimated from its F-component, is ~10 MHz. This indicates
that the angular width of the associated CME should be ~250°
(Ramesh et al. 2022). The latter is in good agreement with the
CME observations mentioned above.

Figure 2 shows GRIP observations at 80 MHz, cotemporal
with dynamic spectra in Figure 1. There is a noticeable Stokes
V emission corresponding to the different bursts in Figure 1.
The higher signal-to-noise ratio in the GRIP time profile at
80 MHz as compared to KRS spectra close to the above
frequency is due to the better sensitivity of the former. For the
present work, we concentrate on Stokes / and V emission
corresponding to the H-component of the type II burst observed
at ~06:38 UT. The observed peak correlation coefficients are
~0.4 and ~0.01, respectively. The degree of circular polariza-
tion (decp = |V|/I) is ~3%. The corresponding value for the
type III burst is ~5%. This is consistent with the reports that
type II bursts are weakly polarized (see, e.g., Komesaroff 1958;
Stewart 1966; Suzuki et al. 1980), and radio techniques could
be used to observe the associated low dcp ~1% (see, e.g.,
Kishore et al. 2015). Figure 3 shows two-dimensional imaging
observations of the harmonic type II burst with GRAPH at
~06:38 UT. The observing frequency was 80 MHz, similar to
GRIP. Note that at low frequencies, the observed position of a
solar radio source could be different from its “true” position
due to scattering by density inhomogeneities in the solar corona
and/or refraction effects in the Earth’s ionosphere. But in the
present case, the present observations were carried out during
the transit of the Sun over the local meridian. Further, the
zenith angle of the Sun in decl. (as observed from
Gauribidanur) was less (=20°) on 2021 October 9. So any
possible shift in source position due to the aforesaid effects is
expected to be minimal at a frequency like 80 MHz, and
also lesser than the angular resolution of the GRAPH
mentioned in Section 2. (Riddle 1974; Stewart & McLean 1982;
Mercier 1996; Ramesh et al. 1999b; Kathiravan et al. 2011;
Ramesh & Ebenezer 2001b; Ramesh et al. 2011b, 2012b;
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Mugundhan et al. 2016, 2018a). The estimated peak radio
brightness temperature (7;,) from the GRAPH observations is
~6.2 x 10® K. This is in the range of T}, values mentioned in
the literature for the type II bursts at 80 MHz (see, e.g., Nelson
& Robinson 1975).

3. Analysis and Results

Detailed calculations of the polarization of harmonic plasma
emission imply that it should generally favor the O mode
(Melrose et al. 1978), particularly for bursts with small dcp as
in the present case (Willes & Melrose 1997). A statistical study
of coronal type II bursts with herringbone structures by Suzuki
et al. (1980) indicates that: (i) their polarization characteristics
are the same as that of type II bursts without herringbones; (ii)
the polarization of their H-component is similar to the
polarization of the H-component of type III bursts. The latter
corresponds invariably to the O mode (Dulk & Suzuki 1980).
Therefore it is possible that the H-component of coronal type II
bursts without herringbones as in the present case also
correspond to O-mode polarization. We would like to add
here that for harmonic plasma emission to be polarized in the O
mode, the associated Langmuir waves should be parallel
(within ~20°) to the magnetic field (Dulk & Suzuki 1980). But
reports of direct observations of Langmuir waves are rare. In
one case study of an interplanetary type II burst, Graham &
Cairns (2015) showed that the Langmuir waves are approxi-
mately one-dimensional and aligned with the magnetic field.
Earlier, Bale et al. (1999) had reported similar observations of
Langmuir waves upstream of a CME-driven interplanetary
shock/type II burst. The shock accelerated electrons were first
observed antiparallel to the interplanetary magnetic field and
later parallel as well. Encouraged by the above reports, we used
the following relation applicable for polarization of harmonic
plasma emission to estimate B (Melrose et al. 1980;
Zlotnik 1981):

dep — Ef3|cosé’| 0
43 f,

where fp=2.8 B is the gyrofrequency, f, is the plasma
frequency, and 6 is the angle between the magnetic field
direction and line of sight (LOS). Both fz and f,, are in units of
megahertz. In the present case, dep ~ 0.03 and f,, = 40 MHz for
the H-component of the type II burst (see Section 2). # can be
approximated to the heliographic longitude of the associated
active region (see, e.g., Dulk & Suzuki 1980). This implies
0 ~9° in the present case (see Section 2). The angle between
the centroid of the type II burst and LOS in Figure 3 is nearly
the same (~11°). Using all the above values we find from
Equation (1) that B~19G. Any possible center-to-limb
variation is expected to be very minimal since the region is
close to the center of the solar disk (see, e.g., Dulk &
Suzuki 1980). Considering that the 40 MHz plasma level is
located at r~ 1.79 R, (see, e.g., VrSnak et al. 2004), the B
value in the present case corresponds to the above r. We would
like to note here that the aforementioned location of the
40 MHz plasma level is in reasonable agreement with the
corresponding values obtained from a statistical study of CMEs
and type II bursts (Gopalswamy et al. 2013), and
5x enhancement of N, in the solar minimum ‘“background”
corona (Ramesh et al. 2006a). We verified the above result for
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B using the definition,
B = 5.1 x 1075/, )

where v4 = v,/M, is the Alfvén speed in kilometers per second,
v, is the shock speed, and M, is the Alfvén Mach number. vy =
1041 km s~ ! in the present case (see Section 2). We calculated
M, using STEREO-A/EUVI observations of the CME
(mentioned in Section 2) associated propagating disturbance
and the shock ahead of it. Applying the shock standoff distance
technique (Gopalswamy & Yashiro 2011), we found that
My =~ 1.4 during the type II burst interval in Figure 1. Note that
the STEREO-A spacecraft was at ~ E39° during the corresp-
onding epoch.” The location of NOAA AR 12882 (see
Section 2) therefore corresponds to ~30° in the western
hemisphere for STEREO-A view. There are also reports that
the average M, ~ 1.4 in the “middle” corona (Smerd et al.
1974; Vrsnak et al. 2002; Kishore et al. 2016; Zucca et al.
2018). So, v4~ 744kms ' in the present case. Substituting
these values in Equation (2), we get B~ 1.5 G. This is nearly
equal to the estimated B using observed dcp of harmonic type II
emission and Equation (1). Therefore the type II radio bursts
are a versatile and complementary tool for the estimation of
coronal magnetic field strength.

An inspection of Figure 2 reveals that the dcp of type II burst
(F- and H-component) and type III burst group are all nearly
equal, and small (=3%-5%). The low dcp of type III bursts
indicates that they are most likely H-component since
F-component with dcp < 10% are rare (Suzuki & Sheridan
1978). The nearly equal dcp values of type II burst (F- and
H-component) and type III burst (H-component) in Figure 2
suggest that the corresponding emission originates in the same
region of the corona, and follows the same path in the corona
also (see, e.g., Dulk et al. 1971). Note that in the case of type II
bursts, reports indicate that the centroids of F- and
H-components at any given observing frequency are nearly
cospatial (Zucca et al. 2018). So we can consider the
corresponding emission to be generated in the same location,
although there could be an apparent shift in the observed
position of particularly the F-component due to propagation
effects (Maguire et al. 2021). Moving further, depolarization as
the cause of low dcp in the case of F-component O mode
applies mostly to type I bursts only (see, e.g., Melrose 2017).
Therefore the small values of dcp in the type II burst (F- and
H-components) and type III bursts (H-component) in the
present case are likely due to the escape of both O and X modes
from the coronal plasma in the respective events (see, e.g.,
Fomichev & Chertok 1968). Coordinated observations with
ground-based low-frequency radio facilities and Parker Solar
Probe should possibly help to understand this better (see, e.g.,
Pulupa et al. 2020).

4. Summary

Measurement of the coronal magnetic field is one of the
challenging problems in solar physics. In this situation, we
have presented estimates of the field strength associated with
the coronal type II radio burst (observed on 2021 October 9)
using two different techniques and compared them for
consistency. The burst was due to a “halo” CME with a source

7 https: //stereo-ssc.nascom.nasa.gov /cgi-bin/make_where_gif
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region near the center of the solar disk. From the observed
circular polarization of the burst, we calculated dcp ~ 0.03 and
B~ 19G at r ~ 1.8 R.. In the case of the other often used a
method involving v4 and M, associated with coronal shock
waves that excite type II bursts, the values obtained at the same
rare My ~ 1.4, vy ~ 744kms~ !, and B~ 1.5G. The close
agreement between B in the two cases indicates that circular
polarization of harmonic plasma emission from low-frequency
radio bursts could be a useful supplementary tool to estimate
the strength of the weak coronal magnetic field, particularly
considering that measurements in the optical wavelengths are
currently limited to the “limb” corona (see, e.g., Lin et al. 2004;
Yang et al. 2020).
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