Solar Physics (2021) 296:62
https://doi.org/10.1007/s11207-021-01810-8

()

Check for
updates

Imaging and Spectral Observations of a Type-ll Radio Burst
Revealing the Section of the CME-Driven Shock That
Accelerates Electrons

Satabdwa Majumdar’ @ - Srikar Paavan Tadepalli? - Samriddhi Sankar Maity'3 .
Ketaki Deshpande*(® - Anshu Kumari®( - Ritesh Patel') - Nat Gopalswamy’

Received: 19 November 2020 / Accepted: 22 March 2021 / Published online: 8 April 2021
© The Author(s), under exclusive licence to Springer Nature B.V. 2021

Abstract

We report on a multi-wavelength analysis of the 26 January 2014 solar eruption involving a
coronal mass ejection (CME) and a Type-II radio burst, performed by combining data from
various space and ground-based instruments. An increasing standoff distance with height
shows the presence of a strong shock, which further manifests itself in the continuation of the
metric Type-II burst into the decameter—hectometric (DH) domain. A plot of speed versus
position angle (PA) shows different points on the CME leading edge traveled with different
speeds. From the starting frequency of the Type-II burst and white-light data, we find that the
shock signature producing the Type-II burst might be coming from the flanks of the CME.
Measuring the speeds of the CME flanks, we find the southern flank to be at a higher speed
than the northern flank; further the radio contours from Type-II imaging data showed that
the burst source was coming from the southern flank of the CME. From the standoff distance
at the CME nose, we find that the local AlfVen speed is close to the white-light shock speed,
thus causing the Mach number to be small there. Also, the presence of a streamer near the
southern flank appears to have provided additional favorable conditions for the generation of
shock-associated radio emission. These results provide conclusive evidence that the Type-II
emission could originate from the flanks of the CME, which in our study is from the southern
flank of the CME.
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1. Introduction

Coronal mass ejections (CMEs) are some of the most energetic explosions happening in
the solar atmosphere, expelling large amounts of plasma and magnetic field into the helio-
sphere with speeds ranging from a few tens to a few thousands of kms~!; see Webb and
Howard (2012) for a review. CMEs are also one of the major drivers of space weather,
which can drastically affect human technological systems (Gosling et al., 1991; Gosling,
1993; Richardson and Cane, 2012; Kilpua et al., 2013). CMEs can also drive magneto-
hydrodynamic shocks that can accelerate energetic particles, a key aspect in the understand-
ing of space weather (Kahler, Hildner, and Van Hollebeke, 1978; Reames, 1999; Kihara
et al., 2020). In order to understand the shock-driving capability of CMEs, we need to inves-
tigate early CME kinematics near the Sun. CMEs leave imprints in different wavelengths,
S0 it is necessary to stitch multiwavelength information for a better understanding of CME
behavior (Pick et al., 2006; Vr$nak et al., 2006; Zucca et al., 2014; Kumari et al., 2017c;
Morosan et al., 2020).

CMEs show a wide range in their kinematic properties (Yashiro et al., 2004, and the ref-
erences therein), with a three-phase kinematic profile: an initial gradual rise phase, an im-
pulsive acceleration phase, and then a final phase with constant or decreasing speed (Zhang
etal., 2001, 2004; Webb and Howard, 2012). A major concern here is that, for measurements
done on the plane of the sky, the results may suffer from projection effects (Balmaceda et al.,
2018). In this regard, to reduce such projection effects, Thernisien, Vourlidas, and Howard
(2009) developed the Graduated Cylindrical Shell (GCS) model that uses forward modeling
to fit a flux rope to coronagraph images taken from multiple vantage points, and hence to
reconstruct the 3D structure of the CME. CMEs are also capable of driving shocks in the
low corona and interplanetary (IP) medium (Hundhausen, 1987). Often shocks associated
with CMEs are observed in white-light images, and in such cases the shock signatures can
be tracked directly from the white-light CME images (Sheeley, Hakala, and Wang, 2000;
Vourlidas et al., 2008). In cases where there is an associated Type-II burst, the Type-II burst
can be used to track the shock signature (Gopalswamy, 2006; Ramesh et al., 2010; Kumari
et al., 2017b; Kahler, Ling, and Gopalswamy, 2019). Gopalswamy et al. (2009a) reported on
the relationship between Type-II bursts and CMEs showing their combined evolution from
the corona into the IP medium. The authors reported that Type-II bursts provide the earliest
signature of a shock that forms within a fraction of solar radius above the surface (Cane and
Stone, 1984; Cho et al., 2013; Gopalswamy et al., 2013; Kumari et al., 2017b).

Holman and Pesses (1983) suggested that the electrons that are responsible for the Type-
I burst might get accelerated from the shock flanks, which implies that the height inferred
from the Type-II burst location might be smaller than the height of the CME leading edge at
that particular time. Also, given that the frequency-drift rate of Type-II bursts is related to the
speed of the shock and the density scale height of the ambient corona (Gopalswamy et al.,
2009a), it is important to understand which section of the shock surface produces the Type-II
burst source. In this regard, Jebaraj et al. (2020) used a radio-triangulation technique to un-
derstand the origin of two consecutive Type-II bursts. Metric Type-II bursts are also some-
times found to show their fundamental- and harmonic-emission band being split into two
parallel lanes. Smerd, Sheridan, and Stewart (1975) proposed an explanation for this band
splitting in terms of the emission coming from the upstream and downstream shock regions,
with the observational support to the theory reported by Vrsnak et al. (2001). Band splitting
in Type-II bursts has proven to be useful to estimate the ambient coronal magnetic field in
the inner corona (Smerd, Sheridan, and Stewart, 1975; Vrsnak et al., 2001, 2002; Vr$nak,
Magdalenié, and Zlobec, 2004; Cho et al., 2007; Kumari et al., 2017a). Direct estimation
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of the magnetic field in the inner corona from a Type-II burst using an empirical electron-
density distribution was also reported by Kumari et al. (2019). Further, the ambient coronal
magnetic-field strength beyond the inner corona can be estimated by the shock-standoff dis-
tance and radius of curvature of the flux-rope cross-section as described by Gopalswamy
and Yashiro (2011). Thus for a better understanding of the kinematics of CMEs and its in-
teraction with the ambient medium, we need to consider all aspects of the Type-II bursts and
the associated CMEs.

We use the Type-II CME connection to understand several aspects of the evolution of a
CME as it propagates into the heliosphere. We analyze the 26 January 2014 CME by com-
bining white-light, radio, extreme ultra-violet (EUV), and X-ray data from various space-
and ground-based instruments. We outline the data sources that we have used in Section 2
and provide a brief description and timeline of the event in Section 3, followed by our results
in Section 4, and conclusions in Section 5.

2. Data Selection

We have used white-light coronagraph data from the Large Angle Spectrometric Corona-
graph-C2 and -C3 (LASCO: Brueckner et al., 1995) onboard the Solar and Heliospheric
Observatory (SOHO), COR-1 and COR-2 coronagraphs of the Sun Earth Connection Coro-
nal and Heliospheric Investigation (SECCHI: Howard et al., 2008) package on the So-
lar Terrestrial Relations Observatory (STEREO: Kaiser et al., 2008). We have used EUV
data from different passbands of the Atmospheric Imaging Assembly (AIA: Lemen et al.,
2011) onboard Solar Dynamics Observatory (SDO), Extreme Ultra Violet Imager (EUVI)
onboard STEREO and Extreme-ultraviolet Imaging Telescope (EIT: Delaboudiniere et al.,
1995) onboard SOHO. X-ray flux from the Geostationary Operational Environmental Satel-
lite (GOES) (1-8 A channel) provides the flare context. We have used radio data from the
Gauribidanur Low-frequency Solar Spectrograph (GLOSS: Kishore et al. (2014)), the Gau-
ribidanur RAdio heliograPH (GRAPH: Ramesh et al., 1998), Learmonth station of the Ra-
dio Solar Telescope Network (RSTN), Compound Astronomical Low frequency Low cost In-
strument for Spectroscopy and Transportable Observatory (e-CALLISTO: Monstein, 2013)
at the Gauribidanur Radio Observatory and the SWAVES instrument (Bougeret et al., 2008)
onboard STEREO. Data from the Coordinated Data Analysis Workshop (CDAW: Gopal-
swamy et al., 2009b) catalogue, which lists the properties of CMEs detected manually in
LASCO images from SOHO, are also used.

3. Event Description and Timeline

We present a description of the event at the time of eruption in this section. The CME
on 26 January 2014 was associated with a C1.5 flare from NOAA Active Region 11967
located at S16E106, which was 16° behind the east limb (see Figure 1). Since the flare is
partly occulted, it is likely that the flare size is underestimated. The flare starts at ~ 8:24
UT, peaks at & 8:36 UT, and ends at ~ 9:48 UT (see Figure 1, right panel). The CME is
observed fully by LASCO-C2 and -C3) and SECCHI (COR-1, COR-2) on STEREO-A and
-B. This CME is listed in the CDAW catalogue with a first appearance time of 8:36:05 UT
in the LASCO-C2 field of view (FOV) with an average speed of 1088 kms~'. The partial
halo CME is propagating in the southeast direction with a central position angle (CPA) of
125° in the LASCO FOV. The CME decelerates in the LASCO-C2 and COR-1, COR-2
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Figure1 Left: The source region of the CME as observed in SDO/AIA 193 A shown in the enclosed rectangle
at the eastern limb. The image is a running-difference image made at 08:28:07 UT. The white circle represents
the solar disk. Right: The GOES soft X-ray light curve of the associated C1.5 class flare on 26 January 2014.
Note that the flare is occulted, so the actual soft X-ray intensity is expected to be higher than that shown.

(a) (c)
COR2: 2014/01/26 09:24:00 : :30: COR2: 2014/01/26 09:25:02 '

Figure2 The CME on 26 January, 2014 observed with (a) STEREO/COR-2A; (b) SOHO/LASCO-C3; and
(c) STEREO/COR-2B. The diffused shock structure beyond the bright flux rope (observed in a very limited
area beyond the flux rope) can be seen in STEREO-A and STEREO-B views as marked with white arrow.
The location of STEREO-A and STEREO-B were W151 and E156, respectively. The representative position
angles for which the speed is measured in Figure 4d are shown in black dots in (a).

FOV, indicating that the initial acceleration ended before the CME appeared in the FOV
of COR-1 and LASCO-C2. The source region of the CME is also identified in the EUV
images taken at 193 A by SDO/AIA. Figure 1 shows the location of the source region as
observed by SDO/AIA at 193 A and the associated GOES soft X-ray profile. At the time
of the CME eruption, STEREO-A and -B were located at W151 and E156, respectively.
Therefore the CME is a limb event (W103) in the STEREO-A FOV and a disk event (W50)
in the STEREO-B FOV (the appearance of the CME in COR-2A, LASCO C3, and COR-2B
FOV is shown in Figure 2) implying that STEREO-A and LASCO measurements would not
suffer much from projection effects.

The dynamic spectra of the decameter—hectometric (DH) Type-II from STEREO-
B/WAVES is shown in Figure 3 (left panel). The dynamic spectra of the metric Type-II
radio burst recorded with the Learmonth spectrograph belonging to the Radio Solar Tele-
scope Network (RSTN) and the GLOSS are combined and shown in Figure 3 (right panel).
The Type-II burst has fundamental-harmonic structure in the metric and DH domains. The
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Figure 3 The dynamic spectra of DH continuation of the metric Type-II burst (left panel) as observed by
STEREO-B/WAVES (space-based) and the metric Type-II burst (right panel) recorded with the GLOSS and
Learmonth spectrographs (ground-based). In the dynamic spectra recorded by the Learmonth spectrograph
the start frequency of the Type-II bursts is &~ 115 MHz. The Type-II burst shows fundamental-harmonic
(FH) structures in metric-DH wavelengths. The band splitting is seen in both FH bands. The FH bands are
indicated with black-dotted lines (left panel). The split bands are shown in red-dotted lines (right panel).

starting frequency of the fundamental component is & 115 MHz at ~ 8:34 UT as seen in the
Learmonth spectrograph. The burst then drifted towards the lower frequencies and continued
to ~ 7.46 MHz in the DH domain at &~ 8:52 UT. The Type-II emission shows band splitting.
The continuation of the Type-II emission from metric to DH domain indicates the pres-
ence of a strong shock that is capable of propagating long distances, thus producing Type-II
emission in different spectral domains (also see Bale et al., 1999; Gopalswamy et al., 2005,
2009a). It is important to note that the DH Type-II burst was observed only in STEREO, not
in Wind/WAVES because the source region was behind the limb. Also it is best observed in
STEREO-B because it observes more shock surface. STEREO-A sees only the harmonic.
We also note that the height of formation of the Type-II associated shock wave (= 1.3 R)
was below the COR-1 FOV, which did not enable us to determine the CME kinematics at the
onset of the Type-II burst accurately. We summarize the timeline of the event as observed
by the different instruments in Table 1.

4. Data Analysis and Results
4.1. CME Kinematics from White-Light Data

The CME as observed in STEREO/COR-2A, STEREO/COR-2B, and SOHO/ LASCO-C3
is shown in Figure 2. We track the CME shock front and the flux-rope structure in the
COR-2A (measured at PA ~ 242°) and COR-2B (measured at PA & 242°) FOV (Figure
4a and b, respectively). After repeating the height measurements (for ten times), we found
an average measurement error (in height) of 0.3 Rg in COR-2 and LASCO coronagraphs
FOV. From linear fits to COR-2A (COR-2B) height-time measurements, we find the average
white-light shock speed to be ~ 1390 kms~' (1205 kms~') and that of the flux rope to be
874 kms~! (865 kms~!) (Figure 4a and b). From a linear fit to height-time data from the
CDAW catalogue (Figure 4c) we find the average speed to be 1088 kms~!, which is likely
to be the white-light shock speed as CDAW tracks the leading edge. Since STEREO-A and
LASCO measurements have minimum projection effects (see Section 3), with correction
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Table 1 Timeline of the January 26 2014 CME and the associated phenomena.

Phenomenon

Data source

Parameter

Observations

Type-II burst
Type-II burst
Type-II burst
Type-II burst

Learmonth spectrograph
Gauribidanur spectrograph
STEREO-B/WAVES
STEREO-B/WAVES

Starting frequency (time)
Ending frequency (time)
Starting frequency (time)
Ending frequency (time)

115 MHz (8:34 UT)
35 MHz (8:40 UT)
16.46 MHz (8:40 UT)

7.78 MHz (8:51 UT)

Flare GOES X-Rays Starting time 8:24 UT
Flare GOES X-Rays Peaking time 8:36 UT
Flare GOES X-Rays Ending time 9:48 UT
CME LASCO-C2 First appearance height (time) 2.27 R (8:36 UT)
CME LASCO-C3 First appearance height (time) 6.01 R (9:06 UT)
CME STEREO-A/COR 1 First appearance height (time) 3.14 Rp (8:45UT)
CME STEREO-A/COR 2 First appearance height (time) 4.84 Rp (8:39 UT)
CME STEREO-B/COR 1 First appearance height (time) 2.93 Rp (9:06 UT)
CME STEREO-B/COR 2 First appearance height (time) 3.14 Rp (8:55UT)

factors (the ratio of the projected (2D) to the actual (3D) quantities, which varies as cos(¢)
where ¢ is the angle from the plane of the sky) of 1.03 and 1.04, respectively, we find
the true speeds in COR-2A to be 900 kms~! (flux rope) and 1434 kms~! (shock), while
the true speed in LASCO is ~ 1130 km s~!. For STEREO-B, it is a disk event, and hence
the measurements will have large projection effects. With a correction factor of 1.31, the
estimated true speeds in COR-2B are 1133 kms~! (flux rope) and & 1580 kms~' (shock).
A better way to remove projection effects is to fit the GCS model to the pair of STEREO
images to get their true evolution (Figure 5a and b). From second-order polynomial fits to
height-time measurements in the CDAW catalogue, and from measurements from the GCS
model, we find that the CME decelerated in the LASCO and COR-1, COR-2 FOV (Figure
5c¢). We further measured the leading edge of the CME at different Position Angles (PA) in
the COR-2A FOV. In Figure 4d we plot the average speed of the leading edge versus PA
(the corresponding position angles are marked with black dots in Figure 2a). We find that
the nose of the leading edge traveled with a much higher speed compared to the flanks, and
that the southern flank had higher speed than the northern flank. The overall shape of this
plot also reproduces the shape of the CME as observed in the coronagraph images (Figure
2a and c). It is also important to note here that the leading edge of the CME can be the shock
front or the flux rope at different position angles, which may be the reason for the wide
range of speeds at different position angles. Thus, we also see that tracking a single point to
understand kinematics can be misleading.

4.2. Connecting Radio and White-Light Data

4.2.1. Shock Formation Height

It has been reported that Type-II bursts are often associated with CMEs that drive shock
waves, and in such cases the starting frequency of the Type-II burst can give an estimate of

the height of formation of the shock associated with the Type-II burst (Gopalswamy et al.,
2013; Kumari et al., 2017b). From the radio dynamic spectrum from the Learmonth station
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Figure 4 The height-time profile of CME shock and flux rope as observed in (a) STEREO/COR-2A (mea-
sured at PA = 242°); (b) STEREO/COR-2B (measured at PA = 234°). In panel a and b, the red and blue
points correspond to the shock front the flux rope of the CME, respectively. The speed measured at the
leading edge of the CME with the SOHO/LASCO data from CDAW catalogue (c). The CME leading edge
speed variation with position angles is shown in panel d and the corresponding position angles are marked in
Figure 2a.

of RSTN, we find the starting frequency of the fundamental Type-II burst is &~ 115 MHz at
8:34 UT. Gopalswamy et al. (2013) found an empirical relation between the shock-formation
height [r] and the starting frequency of the Type-II burst [ f,, ] as follows:

f=307.87r"3"8 —0.14. )
Using the starting frequency in the above relation, we get the height at which the shock
wave signatures (Type-II burst) were observed as ~ 1.3 Ry from the Sun center, where Ry,

is the radius of the Sun. Since the above relation arises from a weak correlation between
the two quantities, we also find the shock-formation height from the relation between the
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Figure5 (a) The CME as observed in COR-2A; (b) COR-2B at 09:24 UT with the GCS model fit in green; (c)
the variation of CME leading-front speed with time in the LASCO-C2 and -C3 FOV and from the GCS model
fit to the CME in the COR-1 and COR-2 A/B FOV. The CME is clearly decelerating in the coronagraphs,
FOV.

plasma frequency [ f;,] and the plasma density [n,], which is as follows:

fo=9x107/n, )

where f;, isin MHz, The n,, can be used from the coronal-density model. In this work, we use
the Newkirk coronal-density model (Newkirk, 1967). We plug in the starting frequency in
Equation 2 to get an estimate of the density. With the estimated density, we use the Newkirk
coronal-density model to get the height of the Type-II associated shock as ~ 1.3R, which
matches well with what we got from Equation 1.
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Figure 6 (a) The composite of the white-light CME as seen in the SOHO/LASCO-C2 FOV with the 80 MHz
contours obtained with GRAPH radio observations and SDO/AIA-193 A. The red circle marks the solar disk.
The radio contours are shown at 50, 72, 75, 87, and 99% of the peak radio flux at 80 MHz. The contour
intervals are at ~ 6.6 x 10 Jy. The de-projected height of the radio contours are at & 1.1R and the position
angle is ~ 157°. An inset with a zoom into the AIA image shows the spatial location of the associated flare
(top right). The location of 80 MHz centroid is marked with blue color in the inset image; The north and
south flank speeds of the CME from height-time measurements in (b) COR-2A FOV; and (c¢) in LASCO-C2
and -C3 FOV.

From the height-time data obtained with LASCO-C2, the nose of the white-light shock
front appears in the FOV at ~08:36 UT at a height of ~ 2.33 Ry. Taking the instantaneous
white-light shock speed from the first two data points in the C2 FOV, we calculate the height
of the shock front at & 8:34 UT as & 2.04 Rg. This is higher than the height of the shock
associated with the Type-II burst found from the starting frequency of the Type-II burst.
In such cases, Gopalswamy et al. (2009a) suggested that the shock resulting in the Type-II
burst might come from the electrons accelerated at the flanks of the CME (which is at a lower
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height) and not from the nose. The radio-imaging observation was carried out with GRAPH
at 80 MHz (see Figure 6a). The radio image was made at &~ 08:38 & 20 seconds UT, which
corresponds to the harmonic band of the Type-II spectra. The radio contours are shown at
50%, 72%, 15%, 87%, and 99% of the peak radio flux at 80 MHz. The contour intervals
are at ~ 6.6 x 10° Jy. The projected heliocentric distance for GRAPH is =~ 1.06 Ry. The
active region was located behind the solar disk at ~ 16° from the east limb. The de-projected
heliocentric distance was thus calculated by assuming that the projection effects vary as 1/
cos(¢),where ¢ is the angle from the plane of sky (POS). The de-projected height of the
radio contours was at & 1.1 Ry with a position angle of ~ 157°, which is at the southern
flank of the CME.

We confirm from the GRAPH image (Figure 6) that the burst source (produced by the
shock wave) located at the southern flank of the CME produces the Type-II burst (please
see Section 3 for a description of the imaging data), thus supporting our arguments that are
i) The shock-formation height inferred from the Type-II burst start frequency gives a much
lower height than the CME nose height at that time, thus arguing that the shock wave at the
flanks of the CME might be the source of the Type-II burst; ii) This is because the flanks
are at a lower height than the CME nose, and hence are expected to pass through denser
regions (as suggested by Gopalswamy et al. (2009a)). We also note that it was not possible
for Gopalswamy et al. (2009a) to pinpoint which flank of the CME the emission was coming
from, as they did not have an imaging observation of the Type-II burst. Additional support
for this conclusion comes from the height—time variation of the north and south flanks of the
CME in the COR-2A and LASCO-C2, -C3 FOV (Figure 6b and c). The average speeds of
the north and south flanks were found to be around 579 km s~ and 754 Km s !, respectively,
in the COR-2A FOV, and 619 kms~" and 870 kms~! in the LASCO FOV. This shows that
the southern flank is at a higher speed, and thus is likely the source of the Type-II burst.

4.2.2. Metric Type-ll Burst Continuing to DH Domain

As mentioned earlier in Section 3 and from Figure 3, we find that the brief DH Type-II burst
is a continuation of the metric Type-II. We note that the DH Type-II burst was observed
only in STEREO, not in Wind/WAVES, and that it is best observed in STEREO-B because
it observes more shock surface. STEREO-A sees only the harmonic. This further supports
the flank origin of the Type-II burst. On the other hand, we note that the shock is not fast
enough to extend the Type-II emission to the kilometric domain, which happens for shocks
at much higher speeds (Gopalswamy et al., 2005). It is interesting that the shock nose, where
the speed is the highest, is radio quiet. One possibility is that the local Alfven speed above
the shock is close to the white-light shock speed, rendering the Mach number too small (see,
e.g., Gopalswamy et al. (2008)).

4.2.3. Alfven Speed from Standoff Distance of CME Driven Shock and Band-Split
Measurement

Despite the ending of the Type-II burst at ~08:52 UT, we found the shock to be present
in COR-2A images as the CME propagated further into the heliosphere. We follow Gopal-
swamy and Yashiro (2011) to get the AlfVen speed at the nose around the time the Type-II
burst ended. In the 09:24 UT COR-2A image, we measure the standoff distance [AR] as
~0.99 Ry and a radius of curvature (R, ) of ~ 1.34 R, (at a height of &~ 6 R). Using these
values in the Russell and Mulligan (2002) relation,

AR —1HM?*+2
__081()/ YM~ +

Re 7 (y+DhHM2-1) )
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and the adiabatic index y as 5/3 we get the Mach number [M] as & 1.31. Using the local
white-light shock speed as 1250 kms™! in the relation

V.
Va= =0 @)

we get an Alfven speed of ~ 954 km s~'. This is higher than the typical AlfVen speed at these
heights (Vr$nak, Magdalenic¢, and Zlobec, 2004), thus confirming weak-shock conditions at
the nose of the CME. We also use the band splitting of the Type-II burst to get the Alfven
speed. We follow a similar procedure to that reported by Vr$nak et al. (2001). We measure
the width of the band splitting of the fundamental Type-II burst on the dynamic spectrum
(Figure 3). The bandwidth is defined as

BW = (Fy— F)/F, 5

where F, and F are the upper- and lower-band frequencies, respectively. The density jump
[X] across the shock front is related to the bandwidth as

X =(BW+ 1) (6)

This density jump [X] is further related to the Alfvenic Mach number [M4] through

My=VX(X+5)/2(4 - X). )

Using the above relation, we get an average M of 1.45. From the heights inferred from the
lower band of the fundamental branch of the Type-II burst, we get an average shock speed
associated with the Type-II burst as 1451 km s~!, which from Equation 4 gives us an Alfven
speed of 1001 kms~!. It is interesting that although the Alfven speed is comparable at the
CME nose at 6 R and from the band-split calculations, yet the Type-II burst is coming from
the flank of the CME (Figure 6a).

4.2.4. The CME-Streamer Encounter

The sudden broadening in the DH Type-II burst seems to be due to the CME interaction
with the streamer (as also reported earlier by Feng et al. (2012)) at the southern flank (see
left panel of Figure 3). Movies of LASCO-C2 images show the interaction of the CME with
the southern streamer at the time when the Type-II broadening was observed around 8:48
UT as shown in Figure 7, just before the end of the Type-IL. The region of interaction was
also determined from LASCO movies, where it was seen that the left flank of the CME
interacts with the streamer during its propagation. Since the spectral bump in the SWAVES
dynamic spectra (Figure 3) occurred around the same time, the CME flank interacted with
the streamer (& 8:48 UT), we estimated the height at which the interaction takes place from
LASCO images to be ~2.58 R, not too different from the expected height (~2.61 Ry)
from Equation 1. When the DH Type II ended around 08:42 UT, the shock seems to have
transited through the streamer. At 08:52 UT, when the Type II ended, the nose was at a
height of 5 Ry, where the shock was not strong enough to produce the Type-II burst.
Type-1I imaging observations confirmed that the source of the Type-II burst is located
near the southern flank of the CME (Figure 6). Since the DH Type-II burst is a continuation
of the metric Type-II, the emission continues at the southern flank as the shock moves out.
The flank speeds are &~ 574 kms~! (north flank) and ~ 754 kms~' (south flank) as derived
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Figure 7 CME interacting with
the streamer at the southern flank
as depicted in the LASCO-C2
image at 08:48 UT. The LASCO
image is superposed on a
SDO/AIA 193 A image.

Y ==
2 &
2 ¢

CME flank hitting
streamer

C2:2014/01/26 08:48 AlA 193: 01/26 08:48

by alinear fit to the distance—time plot of the flanks shown in Figure 6. The speeds are not too
different, yet only the southern flank has the source. At this time, the shock nose is at a higher
speed on one hand, and on the other hand the presence of a streamer near the southern flank
seems to have provided additional favorable condition for the generation of shock-associated
radio emission, because the streamers are denser than the ambient corona and are known to
be regions of low AlfVen speed compared to the normal corona. Also, the nose is at a height
of &2 Ry, where the Alfven speed is near its peak value (Vr$nak, Magdaleni¢, and Zlobec,
2004), so the shock is relatively weak at the nose to produce the Type-II burst. Thus the
combination of white-light and radio imaging along with radio dynamic spectrum provides
conclusive evidence that the CME—streamer interaction is also additionally responsible for
the generation of shock-associated Type-II emission.

5. Summary and Conclusions

The primary finding of this article is that we were able to show that the Type-II burst during
the 26 January 2014 CME originated from one of the flanks of the CME-driven shock. We
combined EUYV, radio, and white-light data from various space- and ground-based instru-
ments to understand the kinematic aspects associated with the CME including true speed,
shock-propagation speed, Alfvén speed, and the association with Type-II bursts, confirming
this conclusion. We were also able to show that the nose region of the CME was radio quiet
because of the high AlfVen speed, hence resulting in a Mach number very close to one there.
We summarize in the following points our main results from this work that supports our
conclusion:

i) We measured the average speeds of the flux rope and the shock front and found a sub-
stantial difference in their speeds. The standoff distance of the shock increases with
height, consistent with the deceleration of the CME in the coronagraph FOV.
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ii) The CME speeds measured at different position angles reveal that the nose was the
fastest. However, the flanks are also fast enough to drive a shock and produce Type-II
radio emission. Even though the northern and southern flanks had similar speeds, the
southern flank interacted with a streamer, which may be the reason that the Type-II
burst originated from the southern flank. From LASCO-C2 data, the shock height was
estimated to be at ~ 2.04 R, which was much higher than the shock-formation height
inferred from the starting frequency of Type-II burst (= 1.3 Ry), thus suggesting that the
Type-I1I burst signal might be coming from the CME flanks. A plot of the average flank
speeds showed that the southern flank was at a higher speed than the northern flank.
Further, from the radio contours from GRAPH it was evident that the burst source was
coming from the southern flank of the CME. It is also worthwhile to note that the radio
imaging observation of the Type-II burst enabled us in pinpointing the flank emission of
the Type-II burst, which was not possible in Gopalswamy et al. (2009a).

iii) It was interesting that the shock nose, where the speed was highest, did not produce the
Type-II emission. From the standoff-distance measurements at the CME nose, we found
a higher AlfVen speed, confirming a weak shock there. Also, the presence and interac-
tion of the streamer with the southern flank of the CME seems to have provided more
favorable conditions for a strong shock at the flanks, thus validating our conclusions.

This work shows the importance of complementing spectral radio data with imaging data
in locating the part of the CME-driven shock responsible for accelerating electrons. An un-
derstanding of the location and origin of the shock waves that are associated with Type-II
emission is a complex problem especially in the inner corona (see Jebaraj et al. (2020) and
the references therein). Further, since shocks accelerate particles that affects space weather,
it becomes necessary to study and identify their origin, and this work particularly aims at
improving our present understanding of the same. It should also be noted here that we ob-
tained the shock-formation height of 1.3 R, using the radio data. This height is below the
existing space-based white-light coronagraphs used for analysis. It is worth mentioning that
future space-based missions, including Aditya-L1 (Seetha and Megala, 2017; Raghavendra
Prasad et al., 2017), PROBA-3 (Renotte et al., 2014), and Solar Orbiter (Miiller et al., 2013),
are equipped with coronagraphs capable of observing the inner corona, a region with lim-
ited observations from existing space-based instruments. These instruments will be helpful
in studies similar to this work to identify the white-light counterparts of the radio imaging
of the shock origin, thereby improving understanding of such phenomenon.
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