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Abstract

Using temporal observations of circular polarized harmonic plasma emission from a split-band type II solar radio
burst at 80MHz, we separately estimated the coronal magnetic field strengths (B) associated with the lower (L) and
upper (U) frequency bands of the burst. The corresponding Stokes I and V data were obtained with the polarimeter
operating at the above frequency in the Gauribidanur observatory. The burst was associated with a flare/coronal
mass ejection on the solar disk. Simultaneous spectral observations with the spectrograph there in the frequency
range 80–35MHz helped to establish that the observed polarized emission was from the harmonic component of
the burst. The B values corresponding to the polarized emission from the L and U bands at 80MHz are BL≈ 1.2 G
and BU≈ 2.4 G, respectively. The different values of B for the observed harmonic emission at the same frequency
(80MHz) from the two bands imply unambiguously that the corresponding fundamental emission at 40MHz must
have originated at different spatial locations. Two-dimensional radio imaging observations of the burst with the
radioheliograph in the same observatory at 80MHz indicate the same. As comparatively higher B is expected
behind a propagating shock due to compression as well as the corresponding coronal regions being closer to the
Sun, our results indicate that the sources of L- and U-band emission should be located ahead of and behind the
associated coronal shock, respectively. These are useful to understand the pre- and postshock corona as well as
locations of electron acceleration in a propagating shock.

Unified Astronomy Thesaurus concepts: Solar corona (1483); The Sun (1693); Radio bursts (1339); Polarimetry
(1278); Solar coronal mass ejections (310); Solar flares (1496); Solar magnetic fields (1503)

1. Introduction

Solar type II radio bursts are signatures of magnetohydro-
dynamic (MHD) shocks propagating outwards through the
solar atmosphere. The electrons accelerated at the MHD shocks
give rise to plasma oscillations that are converted into escaping
radio emission. Coronal mass ejections (CMEs), flares, and
various types of ejecta are considered to be responsible for the
aforementioned shocks. The electron density (Ne) and hence
the plasma frequency ( fp) decreases with increasing helio-
centric distance (r). Due to this the type II bursts show
frequency drift as a function of time. The drift rate is
1MHz s−1. The detailed characteristics of type II bursts
could be found in Nelson & Melrose (1985), Mann et al.
(1995), Aurass (1997), Gopalswamy (2006), and Nindos et al.
(2011). Spectral observations show that type II bursts usually
occur as fundamental (F) and harmonic (H) bands. The
frequency ratio is ≈1:2 for the two bands. In some situations,
either or both the bands are split into two subbands: lower (L)
and upper (U). Their frequency separation is smaller than that
between the F and H bands. Smerd & Stewart (1974), Smerd
et al. (1975), and Vrsnak et al. (2001) attributed the L and U
bands to emission originating simultaneously from the coronal
regions ahead of and behind the propagating MHD shock,
respectively. These are also called the upstream (L) and
downstream (U) regions of the shock. At any given time, radio
emission from the shock upstream and downstream would be at
lower and higher frequencies. Hence the labels L and U,
respectively. According to another interpretation, the band split
could be explained by similar simultaneous emission from

coronal regions ahead of two different parts of the shock
(McLean 1967; Holman & Pesses 1983; Knock et al. 2003;
Knock & Cairns 2005). Two-dimensional images of split-band
type II radio bursts reported (Nelson & Sheridan 1974; Nelson
& Robinson 1975) revealed that the L- and U-band sources are
spatially separated even at the same frequency, be it the F or H
component. The observations were primarily at 43 and
80MHz. Zimovets et al. (2012), Zimovets & Sadykov
(2015), and Zucca et al. (2014) showed that the L-band source
was located above the U-band source at any given moment in
the frequency range ≈150–450MHz. Even at the same
frequency, the centroids of the L- and U-band sources were
distinctly separate. Chrysaphi et al. (2018) pointed out that the
spatial separation between the L- and U-band sources observed
by them in the frequency range ≈30–42MHz could be
explained as due to scattering of radio waves by the coronal
density inhomogeneities (Aubier et al. 1971; Thejappa &
Kundu 1991; Sastry 1994; Ramesh et al. 2006a; Mugundhan
et al. 2017; Ramesh et al. 2020b; Zhang et al. 2022). But,
observations at frequencies like 150–450MHz mentioned
above should be less affected by scattering and other
propagation effects as compared to lower frequencies (Aubier
et al. 1971; Bastian 2004; Thejappa & MacDowall 2008). Even
at low frequencies, sources of angular sizes lesser than that
predicted by scattering calculations have been observed
(Ramesh et al. 1999b; Ramesh & Sastry 2000; Ramesh &
Ebenezer 2001; Kathiravan et al. 2011; Ramesh et al. 2012b;
Mugundhan et al. 2016; Mugundhan et al. 2018a). These
indicate that the issue related to the source locations of either
bands in a split-band type II solar radio burst is still open. So,
we were interested to investigate the problem using polariza-
tion observations since the strength of the magnetic field
associated with the L- and U-band sources could be inferred
independently, which in turn might help to understand whether
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the sources are cospatial or not. There are several estimates of B
using the density jump across the shock derived using total
intensity observations of split-band type II bursts (see, e.g.,
Vrsnak et al. 2002; Gopalswamy et al. 2012; Kishore et al.
2016 and the references therein). But, they correspond to the
upstream corona in general. Note that plasma emission in a
magnetic field gets split as ordinary (O) and extraordinary (X)
modes. Since the propagation characteristics of these two
modes are different, there will be a resultant circular
polarization (Melrose & Sy 1972). In the case of harmonic
plasma emission, the associated B can be estimated in a
relatively simple manner (see, e.g., Melrose et al. 1980;
Zlotnik 1981). Polarization of the harmonic plasma emission is
also minimally affected by propagation effects (Dulk &
McLean 1978). Observations of circular polarization of type
II radio bursts are known since the time the bursts were
discovered (Komesaroff 1958; Roberts 1959; Stewart 1966;
Suzuki et al. 1980; Cairns & Robinson 1987; Thejappa et al.
2003; Du et al. 2014; Alissandrakis et al. 2021). There are also
estimates of B using observations of weak circular polarized
emission from harmonic type II bursts (Hariharan et al. 2014;
Kumari et al. 2017a, 2019; Ramesh & Kathiravan 2022b). But,
information on the B values corresponding to the individual
bands in a split-band type II burst are rare. Such results are
useful to understand the source regions of the two bands with
respect to the associated shock. Hence the present work.

2. Observations

The polarization data were obtained with the Gauribidanur
Radio Interferometer Polarimeter (GRIP; Ramesh & Sas-
try 2005; Ramesh et al. 2008) at 80MHz. The GRIP is
operated by the Indian Institute of Astrophysics in the
Gauribidanur Observatory located about 100 km north of
Bangalore (Ramesh 2011; Ramesh et al. 2014). It is an east–
west one-dimensional interferometer array of 40 log-periodic
dipole antennas (LPDA; Ramesh et al. 1998), and simulta-
neously observes the circularly polarized and total flux
densities 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 near the zenith is≈ 1°.5 × 90° (R.A., R.
A.× decl., decl.) at the above frequency. This implies that Sun
is a “point” source for observations with the GRIP. For radio
spectral data, we used observations with the Gauribidanur
Low-frequency Solar Spectrograph (GLOSS) in the frequency
range 85–35 MHz (Ebenezer et al. 2001, 2007; Kishore et al.
2014; Hariharan et al. 2016b). It is a one-dimensional array of
eight LPDAs set up along a north–south baseline in the total
power mode. The half-power width of the response pattern of
GLOSS for observations near the zenith is≈90° × 6° (R.
A.× 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. A field programmable gate array
based digital backend receiver system was used for simulta-
neous data acquisition at all the frequencies in the aforemen-
tioned frequency range. The sampling rate was≈1 GHz. The
spectral bandwidth and integration time are≈1 kHz and
≈256 ms, respectively (Mugundhan et al. 2018b; Bane et al.
2022). The two-dimensional 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 6» ¢ ´ ¢ (R.A.× decl.)
at the above frequency. The integration time is≈ 250 ms and
the observing bandwidth is≈ 2MHz. We also used data
obtained with the Gauribidanur Radio Spectro-Polarimeter
(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). For information on
CMEs, we used the catalog generated from observations in
whitelight with the Large Angle and Spectrometric
Coronagraph C2 (LASCO-C2; Brueckner et al. 1995) onboard
the Solar and Heliospheric Observatory (SOHO).1

Figure 1 shows the GLOSS observations of an F–H type II
burst from the solar corona on 2021 May 22 in the time
interval≈ 02:57–03:09 UT. Both the F and H emission show
clear split-band characteristics. FL(HL) and FU(HU) are the
lower and upper bands in the F(H) emission, respectively. The
shock speed estimated from the H component of the type II
burst using the Vrsnak et al. (2004) model for the Ne

distribution in the solar corona is≈ 692 km s−1. The corresp-
onding value for the F component is≈ 1115 km s−1. The burst
was associated with a 1N class H alpha flare observed during
the interval≈ 02:51–03:05 UT, with maximum emission
at≈ 02:55 UT. The heliographic coordinates of the flare
location were N17E37.2 There was also a C6.1 class GOES
soft X-ray flare in the time range≈ 02:47–03:00 UT with peak
emission at≈02:56 UT. An inspection of the SOHO/LASCO
catalog indicates that a CME was noticed around≈ 04:00 UT
on 2021 May 22 with a leading edge (LE) at r≈ 2.7 Re. Its
central position angle (measured counterclockwise from the
solar north) and angular width were≈81° and≈ 79°, respec-
tively. The narrow bandwidth of the type II burst is reasonably
consistent with the latter (see, e.g., Ramesh et al. 2022a). The
CME had a linear speed of≈ 366 km s−1 and an acceleration
of≈84m s−2 in the SOHO/LASCO-C2 field of view. Figure 2
shows the GRIP observations of Stokes I and V emission
associated with the above type II burst at 80MHz over the
period≈03:00–03:03 UT. There were no GRIP observations
prior to≈ 03:00 UT. A comparison of Figures 1 and 2 indicates
that the first and second maxima (peaks) in Figure 2 correspond
to the L and U bands at 80MHz in the H component of the
split-band burst in Figure 1. Accordingly, we marked the two
peaks in Figure 2 as HL and HU, respectively. The time interval
between them is≈2 minutes. The peak flux densities of their
Stokes I emission are≈38,133 Jy (HL) and 11,000 Jy (HU),
where 1 Jy=10−26 Wm−2 Hz−1. These are in the range of flux
density values reported in the literature for type II burst
observations at 80MHz (Nelson & Melrose 1985). The peak
flux densities of the Stokes V emission in Figure 2
are≈1851 Jy (HL) and 1118 Jy (HU). Therefore, the peak
degrees of circular polarization (dcp= |V|/I) are ≈ 0.05 (HL)
and 0.10 (HU), respectively.

3. Analysis and Results

The observations described in Section 2 clearly indicate that
the GRIP observations of the type II bursts in Figure 2 are due
to harmonic plasma emission. So, we estimated the B near the

1 https://cdaw.gsfc.nasa.gov/CME_list
2 https://ftp.swpc.noaa.gov/pub/warehouse/
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source region of the bursts using the following relation

B
f dcp

a2.8
p

( )
=

q

´
(Melrose et al. 1980). Note that the dcp values in

the present case are0.1 (see Section 2). Since the aforemen-
tioned formula based on simplifying assumptions like head-on
Langmuir wave coalescence is valid for dcp 0.16 (Willes &
Melrose 1997), we are justified in using the same to calculate
B; a(θ) is a slowly varying function of the angle θ between the
magnetic field and the viewing direction; fp is in units of MHz
and it corresponds to the fundamental plasma frequency; θ can
be approximated to the heliographic longitude of the associated
active region (Dulk & Suzuki 1980). Therefore, θ≈ 37° in the
present case (see Section 2). We assumed a(37°)≈ 0.6 as
mentioned in Dulk & McLean (1978). Substituting this and
fp= 40MHz in the above relation, we find that BL≈ 1.2 G and
BU≈ 2.4 G for the dcp values of≈ 0.05 and 0.10 corresp-
onding to the peak HL and HU, respectively (see Section 2).
The dcp and hence B values are different though fp is the same.
This indicates that the L- and U-band sources related to the
observations in Figure 2 must be at different locations. Two-
dimensional synthesis imaging observations of the bursts with
the GRAPH in the total intensity mode at 80MHz during the
interval≈ 03:01–03:03 UT is in support of the above argument
(Figure 3). An inspection of Figure 2 indicates that there was
no other intense emission during the above period. Note that
any scattering related changes in the size or position are
expected to be similar for both the sources in Figure 3. It is the
same for the case with possible projection effects also. We want
to add here that even if there is any error in our assumed values
for a(θ), BU would still be≈ 2×more compared to BL.
Furthermore, any center-to-limb effects on the BL and BU

values should be also minimal since their source regions were
closer to the disk center.

Bemporad & Mancuso (2010) and Su et al. (2022) showed
that B in the downstream region of the coronal shock
is≈ 2× enhanced as compared to its upstream region due to
compression of the coronal plasma by the shock. In the present
case, BU≈ 2BL for observations at the same frequency
(80MHz). This indicates that the respective emission should
have been from downstream (U band) and upstream (L band) of
the associated shock. The possibility of both the L- and U-band

emission occurring in the upstream corona itself from two
different regions is less likely since the corresponding B values
would be nearly equal in such a case (Bemporad et al. 2014).
The shock will have a certain width. This implies that during
propagation its upper and lower boundaries (in the direction of
the observer) will be at the plasma layer (corresponding to the
observing frequency) at different epochs. So, even if the
electron acceleration responsible for the observed emission
were to occur at the respective surfaces (boundaries) of the
shock, there should be a finite time interval between the
observations of the L- and U-band emission at the same
frequency. The GRIP observations in Figure 2 are consistent
with this scenario. Multiplying the time interval (≈2 minutes)
between the HL and HU bands in the GRIP observations with
the estimated shock speed of the F component of the burst in
Figure 1, i.e., ≈1115 km s−1 (since the corresponding plasma
layers are where the Langmuir oscillations would be excited as
the shock propagates outward), we get the distance (d) traveled
by the shock as≈0.2 Re in the above time interval. We carried
out similar calculations with the shock speed derived using
other Ne models for the solar corona also. The minimum values
for the aforementioned speed and distance were in the case of
the Newkirk (1961) model. The corresponding values
are≈ 814 km s−1 and≈ 0.14 Re, respectively. Even this mini-
mum d is larger than the typical thickness (≈ 0.02–0.04 Re) of
the whitelight shock (Bemporad & Mancuso 2010; Eselevich &
Eselevich 2012; Gopalswamy et al. 2012). Therefore, the L-
and U-band emission need not be strictly due to electron
acceleration at the upper and lower boundaries of the
propagating shock as mentioned above. In the case of the U-
band emission, it could be from anywhere in the downstream
corona (in the standoff distance between the shock and the LE
of the eruption/flux rope/CME) from where the emission
generated at the observing frequency is able to propagate
outside (see, e.g., Zimovets et al. 2012). The aforesaid standoff
distance is expected to increase as a function of r (Gopalswamy
et al. 2012). In summary, the sources of L- and U-band
emission could be either above and below the nose or flank or
nose and flank of the shock, irrespective of whether their
frequencies are the same or different. In all of the above cases,
the L- and U-band sources would be at different spatial

Figure 1. F–H split-band type II burst observed with the GLOSS on 2021 May 22. The high and low frequency cutoff near ≈80 and 35 MHz in the spectrum are due
to the use of low and high pass filters to suppress radio frequency interference above and below the respective frequencies.
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locations and heliocentric distances. Differences in the
refraction (due to density gradient) suffered by the two sources
could also add to the observed spatial separation since
propagation of radio emission from the U-band source will
experience a sudden decrease in density at the corresponding
plasma layer due to compression behind the shock. Note that in
the above arguments we have assumed that the other coronal
conditions for the generation of the type II bursts in the
downstream and upstream corona are satisfied (Mann et al.

1995; Vrsnak et al. 2001; Jebaraj et al. 2021; Kouloumvakos
et al. 2021).
The mean location of the 40MHz plasma layer as per the

commonly used Ne models for the solar corona is
r≈ 1.60± 0.18 Re (Baumbach 1937; Allen 1947; New-
kirk 1961; Saito et al. 1977; Vrsnak et al. 2004). Combining
the above with the distance of≈ 0.2 Re traveled by the shock
in the≈2 minutes time interval between the peak HL and HU

emission at 80MHz in Figure 2, we find that the source regions
of their corresponding fundamental emission at 40MHz should
be at≈1.6 Re (FL) and 1.4 Re (FU), respectively. The
estimated B values at the above locations are BL≈ 1.2 G (1.6
Re) and BU≈ 2.4 G (1.4 Re). For comparison, the B values at
the above two locations according to the widely referred Dulk
& McLean (1978) model are≈1.1 G (1.6 Re) and 2.0 G (1.4
Re). Corresponding values obtained from the independent
statistical work of Mancuso et al. (2003) are≈1.1 G and 1.8 G,
respectively. The above predicted values for r≈ 1.6 Re agree
closely with our estimate of BL at the same r. But the
predictions for r≈ 1.4 Re are lesser than BU at the same r. This
difference is presumably because BU corresponds specifically
to the downstream corona behind the shock where there could
be enhancement in the magnetic field due to compression
(Bemporad & Mancuso 2010). We would like to add here that
there are several estimates of B from observations of similar
split-band type II bursts. But, they are based on a density jump
across the shock, and limited to the upstream corona as
mentioned earlier. Figure 4 shows some of the values at
particularly r≈ 1.6 Re, i.e., ≈ 2.8–3.2 G (Smerd et al. 1975),
≈ 1–7 G (Vrsnak et al. 2002), ≈1.2 G (Cho et al. 2007),
≈ 0.7–0.9 G (Gopalswamy et al. 2012), ≈1.3–1.7 G (Kishore
et al. 2016), and≈ 1.9 G (Mancuso et al. 2019). Similar density
jump calculations with type I burst chain data indicates≈ 0.6 G
(Gopalswamy et al. 1986). We used the above method for the
present event also to verify our estimate of BL from the
polarization data. An inspection of Figure 2 indicates that
at≈ 03:01 UT, the lower and upper frequencies in the F
component of the type II burst are at≈ 40 and 55MHz,
respectively. Note that we chose the above epoch since

Figure 2. GRIP observations of Stokes I and V emission at 80 MHz corresponding to the HL and HU bands in Figure 1. Note that the Stokes I and V amplitude values
are marked on the left and right-hand side ordinate axes, respectively.

Figure 3. GRAPH observations of the total intensity emission at 80 MHz
during the interval ≈ 03:01–03:03 UT, the same period as the HL and HU band
observations in Figure 2. The circle represents the limb of the Sun’s
photosphere. Solar north is straight up and east is to the left in the image.
The GRAPH “beam” at 80 MHz is shown near the lower right corner. The peak
brightness temperature (Tb) is ≈ 8.2 × 107 K, and it corresponds to the
southern source. A comparison with the Stokes I observations in Figure 2
indicates that the intense (faint) source to the south (north) corresponds to the
HL (HU) emission shown there.
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FL≈ 40MHz and hence the calculations of B will correspond
to r≈ 1.6 Re in the upstream corona similar to the polarization
measurements mentioned above. The shock parameters calcu-
lated from the spectral observations following the steps
described in Kishore et al. (2016) are instantaneous bandwidth
≈ 0.38, density jump (X)≈ 1.9, Alfvén-Mach number
(MA)≈ 1.8, and Alfvén speed (vA)≈ 619 km s−1. These are
consistent with the similar values reported in the literature (see,
e.g., Vrsnak et al. 2002). From the above numbers, we obtained
BL≈ 1.3 G at r≈ 1.6 Re. This is almost equal to the
corresponding estimate using the observed circular polarization
of the type II burst (i.e., BL≈ 1.2 G at the same r). This
consistency in the estimates of BL using two different radio
techniques is encouraging. Furthermore, it reinforces our result
for BU from polarization observations in the present case.

4. Conclusions

We observed a F–H split-band type II burst from the solar
corona on 2021 May 22 with heliograph (80MHz),
spectrograph (35–80MHz), and polarimeter (80MHz) in the
Gauribidanur observatory. Our results indicate that the
emission from the L and U bands belonging to the H
component of the burst at 80MHz originated from different
locations with different B. The sources with lower and higher B
are from the upstream and downstream corona of the associated
MHD shock, respectively. More observations of similar events
in the future, particularly in the two-dimensional spectro-
polarimetric imaging mode, are needed to understand the
source regions of the split-band type II bursts associated with
the coronal MHD shocks and their plasma characteristics (see,
e.g., Bemporad et al. 2014). This is important since: (i) circular
polarization observations of harmonic plasma emission helps to
derive B independent of any assumption for Ne(r) and hence the
speed of the propagating disturbance, which have been
mentioned as some of the shortcomings in the upstream/

downstream scenario explanation for split-band type II bursts
(Du et al. 2015). Information about Ne(r) is required only to
establish the r of the observed radio emission; (ii) there are
differing views on the radio emission downstream of a shock
wave in the case of in situ observations near 1 au (see Vrsnak
et al. 2001; Zimovets et al. 2012 and the references therein).
Coordinated Stokes I and V observations with the Parker Solar
Probe (see, e.g., Pulupa et al. 2020) should help to resolve this.
High cadence complementary whitelight observations in the
range r 3 Re (where the low frequency coronal type II radio
bursts as reported in the current work generally occur) with the
Visible Emission Line Coronagraph (Singh et al. 2011) on
board ADITYA-L1, the soon to be launched first Indian space
solar mission, are also expected to be helpful in this
connection.
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help in the observations and upkeep of the facilities. Indrajit V.
Barve, K. P. Santosh, and M. Rajesh are acknowledged for
their assistance to the present work. We thank the referee for
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clearly.
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