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ABSTRACT

Context. The Sun is an active source of radio emission which is often associated with energetic phenomena such as solar flares and coronal mass
ejections (CMEs). At low radio frequencies (<100 MHz), the Sun has not been imaged extensively because of the instrumental limitations of
previous radio telescopes.

Aims. Here, the combined high spatial, spectral, and temporal resolution of the LOw Frequency ARray (LOFAR) was used to study solar Type III
radio bursts at 30-90 MHz and their association with CMEs.

Methods. The Sun was imaged with 126 simultaneous tied-array beams within <5 R, of the solar centre. This method offers benefits over standard
interferometric imaging since each beam produces high temporal (~83 ms) and spectral resolution (12.5 kHz) dynamic spectra at an array of
spatial locations centred on the Sun. LOFAR’s standard interferometric output is currently limited to one image per second.

Results. Over a period of 30 min, multiple Type III radio bursts were observed, a number of which were found to be located at high altitudes (~4 R
from the solar center at 30 MHz) and to have non-radial trajectories. These bursts occurred at altitudes in excess of values predicted by 1D radial
electron density models. The non-radial high altitude Type III bursts were found to be associated with the expanding flank of a CME.
Conclusions. The CME may have compressed neighbouring streamer plasma producing larger electron densities at high altitudes, while the

non-radial burst trajectories can be explained by the deflection of radial magnetic fields as the CME expanded in the low corona.

Key words. Sun: corona — Sun: radio radiation — Sun: particle emission — Sun: coronal mass ejections (CMEs)

1. Introduction

The Sun is an active star that produces large-scale events such
as coronal mass ejections (CMESs) and solar flares. Radio emis-
sion is often associated with these events in the form of radio
bursts. These bursts are classified into five main types (Wild
1963). Type I bursts are short duration narrowband bursts as-
sociated with active regions (Melrose 1975). Type II bursts are
slow frequency drifting radio emissions thought to be excited by
shock waves travelling through the solar corona and they are as-
sociated with CMEs (Nelson & Melrose 1985). Type III radio
bursts are rapid frequency drifting bursts which can sometimes
be followed by continuum emissions; these emissions are called
Type V radio bursts (Wild 1963). Type IV bursts are broad con-
tinuum emissions with rapidly varying time structures (McLean
& Labrum 1985).

Type Ills are rapidly varying bursts of radiation at metre
wavelengths with durations of a few seconds. They were first

* Movie associated to Fig. 2 is available in electronic form at
http://www.aanda.org
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described by Wild (1950) who found that they had a character-
istic frequency drift from high to low frequencies in solar dy-
namic spectra. More recently, Type IIIs have been observed at
kHz frequencies (Krupar et al. 2010) up to frequencies of 8 GHz
(Ma et al. 2012), although most occur at frequencies <150 MHz
(Saint-Hilaire et al. 2013). In terms of drift rates, Type III bursts
vary from approximately —1 MHz s™! at 20 MHz to —20 MHz s~
at 100 MHz (Abranin et al. 1990; Mann & Klassen 2002), while
their brightness temperatures can be up to 10'> K for coronal
Type IlIs. High brightness temperature Type IIIs are generally
associated with flaring activity on the Sun, however 90% of the
time Type III bursts occur in the absence of flares or CMEs (Dulk
1985).

Type III bursts are considered to be the radio signature of
electron beams travelling through the corona and into interplan-
etary space along open magnetic field lines (Lin 1974) and these
electron beams are believed to originate from magnetic recon-
nection or shocks (Dulk et al. 2000). There are a number of
theoretical explanations for Type III bursts, but it is commonly
believed that, following acceleration, faster electrons outpace
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the slower ones to produce a bump-on-tail instability in their
velocity distribution. This generates Langmuir (plasma) waves
(Robinson et al. 1993) which are then converted into radio
waves at the local plasma frequency (/) and its harmonic (2f,;
Bastian et al. 1998). Higher harmonics of the plasma frequency
are associated with non-linear plasma processes and therefore
this emission is a rare event (Zlotnik et al. 1998). More re-
cently, Li & Cairns (2013) have suggested that f, emission
can be excited in a plasma where background particles have
isotropic kappa velocity distributions (particle distributions with
non-Maxwellian suprathermal tails decreasing as a power law
of the velocity). Emission at the plasma frequency by kappa-
distributed plasmas can reach observable intensity levels more
easily than Maxwellian plasmas.

The spatial characteristics of Type III radio bursts have
been studied in detail at specific frequency ranges: kHz up
to ~10 MHz and >150 MHz, leaving a gap at frequencies
of ~10-150 MHz. This was due to availability of radio instru-
ments onboard the Ulysses (Stone et al. 1992), WIND (Bougeret
et al. 1995) and STEREO spacecraft (Kaiser 2005) and the
Nangay Radioheliograph (NRH; Kerdraon & Delouis 1997).
At low frequencies, Reiner et al. (1995) measured the trajec-
tory of two Type III radio bursts at frequencies of kHz up
to 1 MHz observed by the Ulysses spacecraft. They showed
that they follow Parker spiral-like paths through interplanetary
space up to ~1 AU. More recent work by Reiner et al. (2009)
and Thejappa & MacDowall (2010) with STEREO and WIND
at frequencies <16 MHz used triangulation and ray-tracing tech-
niques. Reiner et al. (2009) found that individual Type III bursts
exhibit a wide beaming pattern approximately along the inter-
planetary magnetic field. At higher frequencies, some Type 111
radio bursts were imaged by the Culgoora Radioheliograph
at 80 MHz (Wild 1967). More recently, Saint-Hilaire et al.
(2013) attempted a statistical study of almost 10 000 Type III ra-
dio bursts observed by NRH over 7 years and found that at high
frequencies (432 MHz), radio bursts are concentrated in two dis-
tinct bands around latitudes of 15° to 30° and —15° to —30°. The
spatial characteristics of the low frequency range, 10-90 MHz,
still remain unexplored with the location of the Type III sources
being constrained by density models such as Newkirk (1961),
Mann et al. (1999) and Zucca et al. (2014).

Several low-frequency radio telescopes have been devel-
oped to observe solar radio activity, including interferometers,
spectrometers and imaging-spectrometers. One of the earliest
solar radio telescopes, the Culgoora Radioheliograph, started
operations in 1968 at a frequency of 80 MHz, but discontin-
ued in 1986 (Sheridan et al. 1972). The Nancay Decametric
Array, operating since 1986, produces dynamic spectra at fre-
quencies of 10-80 MHz (Boischot et al. 1980). A recently up-
graded radio telescope, UTR-2, produces dynamic spectra in
the range 8-32 MHz with much higher temporal and spec-
tral resolution (Melnik et al. 2011). Recently, a range of low-
frequency radio imaging arrays have been developed such as the
Murchison Widefield Array (MWA; Tingay et al. 2013) and the
LOw Frequency ARray (LOFAR; van Haarlem et al. 2013), that
can offer new insight into the poorly explored low-frequency ra-
dio spectrum and into the propagation of Type III bursts. LOFAR
represents a new milestone in low-frequency radio instrumen-
tation operating at frequencies of 10-240 MHz. It features full
polarisation and multi-beaming capabilities, with unprecedented
sensitivity compared to previous radio telescopes due to the large
number of LOFAR antennas.

In this paper, we use LOFAR tied-array beams imag-
ing and spectroscopy to study the spatial characteristics of
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over 30 Type III radio bursts several hours after the launch
of two CMEs. These low—intensity bursts were detected due
to LOFAR’s increased sensitivity and can be studied with un-
precedented temporal and spectral resolution. In Sect. 2.1 we
give an overview of the LOFAR instrument, the observational
mode used and the tied-array imaging method. In Sect. 2.2 we
present methods of position and velocity estimations. In Sect. 3
we present our results which we compare to current density mod-
els of the solar corona, and then discuss these results in Sect. 4.

2. Observations and data analysis
2.1. Observations

On 2013 February 28, over 30 Type III radio bursts
were observed by LOFAR. They were analysed in conjunc-
tion with extreme ultraviolet (EUV) images from the Solar
Dynamics Observatory (SDO) and coronograph images from
the Large Angle and Spectrometric COronagraph (LASCO;
Brueckner et al. 1995) onboard the Solar and Heliospheric
Observatory (SOHO). These observations were made during
times of low solar activity on the visible solar disk; however
a CME was observed by LASCO originating behind the solar
limb. EUV images were recorded by the Atmospheric Imaging
Assembly (AIA; Lemen et al. 2012) onboard NASA’s SDO mis-
sion which provides an unprecedented view of the solar corona
at multiple wavelengths, imaging the Sun up to ~1.1 R, from
the solar centre. In this paper, the LASCO/C3 coronagraph was
used to image the Sun at radial distances of ~3-32 R,.

LOFAR is a new-generation radio interferometric ar-
ray constructed by the Netherlands Institute for Radio
Astronomy (ASTRON). LOFAR consists of thousands of dipole
antennas distributed in 24 core stations and 16 remote sta-
tions throughout the Netherlands and 8 international stations
across Europe. There are two distinct antenna types: the
Low Band Antennas (LBAs) which operate at frequencies
of 10-90 MHz and the High Band Antennas (HBAs) which
operate at 110-240 MHz (van Haarlem et al. 2013). The large
number of LOFAR antennas results in a large collecting area
of 35000 m? at a frequency of 30 MHz. LOFAR is capable of
improving the sensitivity and angular resolutions of solar obser-
vations by 2 orders of magnitude compared to previous radio
telescopes (Mann et al. 2011).

In this paper we have taken observations using the LBAs of
LOFAR core stations located in Exloo, Netherlands where the
maximum baseline is ~2 km. All 24 LOFAR core stations have
been used for these observations. Instead of producing interfer-
ometric visibilities, the data analysed here were acquired us-
ing one of LOFAR’s beam-formed modes (Stappers et al. 2011;
van Haarlem et al. 2013). This was used to combine the data
from the LOFAR core stations into multiple “tied-array beams”.
The advantage of using tied-array beams over interferometric
imaging is that the data acquired from each beam were used
to produce dynamic spectra with a high temporal and spectral
resolution (12.5 kHz; ~83 ms), which is not possible to obtain
using standard LOFAR interferometric observations. In addition
to the high-resolution dynamic spectra, the tied-array beams of-
fer the possibility of imaging solar radio bursts with very high
temporal resolution (that of the dynamic spectra). For com-
parison, LOFAR’s standard interferometric output is limited to
approximately one image per second.

126 simultaneous beams were used to observe the Sun on
2013 February 28 for a period of 30 min at 13:00-13:30 UT
(Fig. 1a). The range of the full-width half maxima (FWHM)
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Fig. 1. a) Map of a LOFAR 126-beam tied-array pointing at the Sun. The center beam is pointing at the Sun center with successive beams around

it in a honeycomb pattern to cover the station field-of-view (FOV) of ~

3.3°. The circles represent the beam size at a frequency of 45 MHz. The

separation between beam centers is ~14’. b) 30 min dynamic spectrum recorded by one of the LOFAR tied-array beams (Beam 4) indicated in

panel a), on 2013 February 28. There are multiple Type III radio bursts
during the time of the observation for two channels. The labels A, B, C
being the smallest class of flares.

of the beams ranged between 7" at 90 MHz to 21’ at 30 MHz.
The separation between beam centres is ~14’ and as a result
the beams were touching at a frequency of 45 MHz as seen in
Fig. la and began to overlap at lower frequencies. Each beam
recorded a high frequency and high time resolution (12.5 kHz;
~83 ms) dynamic spectrum (Fig. 1b). Due to radio frequency in-
terference (RFI) below 30 MHz, we chose the frequency range of
the LOFAR dynamic spectra to be 30—-90 MHz as opposed to the
full frequency range of the LBAs. No calibrator was observed,
therefore intensity values throughout this analysis are expressed
in arbitrary units.

2.2. Data analysis

The intensity value in each of the tied-array beams at a given
frequency and time was extracted from each of the 126 dy-
namic spectra and plotted as “macro-pixels” onto the tied-
array map in Fig. la. We produced images of radio bursts by
interpolating these intensity points to the nearest beam. In order
to reduce spectral noise in the dynamic spectra, the data were av-
eraged over frequency. The optimal averaging frequency band-
width was found to be 5 MHz, resulting in images correspond-
ing to a 5 MHz frequency bin (e.g. 30-35 MHz, 35-40 MHz,
40-45 MHz). A time sampling of 1 s was chosen in order to
observe the full propagation of the Type III bursts and the data
were therefore averaged in time over 1 s.

This processing method resulted in a sequence of images of
scattered points which have an intensity value corresponding to
the position of each individual beam. As can be seen in Fig. 1a,
the raw data has a honeycomb pattern which is the pattern of
tied-array beams. In order to easily process the data, the scat-
tered intensity points were interpolated with a smooth quintic
surface to produce a regularly gridded array. After interpolating
and regridding the data, a regular 2D array is obtained which
can be used to image the radio sources as seen in Figs. 2a—c as
opposed to a honeycomb-shaped image.

The spatial information of each individual radio source
was extracted from these maps for a few frequency ranges
(30-35 MHz, 40-45 MHz etc.). The centroids of each source
were transformed into distances in solar radii starting from the

in this observation. ¢) X-ray lightcurve measured by the GOES satellite
and M represent solar flare classes based on the solar X-ray flux, with A

solar center. The centroids were then used to produce distance-
frequency plots for comparison with density models of the so-
lar corona (Fig. 3) and also distance-time plots for velocity
estimations of the Type III radio sources (Figs. 4 and 6).

The elevation of the Sun at the time of the observation
was ~30°. Due to the low elevation of the Sun, we have inves-
tigated the effects of the ionosphere in calculating the positions
of Type IlIs in our observation. This was done by looking at the
quiet Sun position in the tied-array images. The maximum in-
tensity point of the quiet Sun was found to be consistent with the
centre of the tied-array beams throughout the observations. The
maximum variation observed was ~0.5 R. This was tested for
frequencies between 30-90 MHz. Some variation was expected
due to the imaging method used that relies on interpolation of
intensity points to the nearest beams with a spatial separation
between the beams of ~1 R,. We have also calculated spatial cor-
rections due to the ionosphere taking into account the position of
the Sun at the time of the observation (Stewart & McLean 1982;
Mercier 1996). The maximum corrections found were ~2’ which
are significantly smaller compared to the FWHM of the beams
which can go up to 21’ (1.3 Ry) at 30 MHz. As a result no
ionospheric corrections were applied to this analysis.

3. Results
3.1. Type lll spectral characteristics

Figure 1b shows the dynamic spectrum recorded for 30 min on
2013 February 28 at 13:00—13:30 UT by one of the tied-array
beams (Beam 4), while Fig. 1c shows the GOES (Geostationary
Operational Environmental Satellite) X-ray flux during this
period. No significant X-ray activity was observed on 2013
February 28 before or during the LOFAR observation; there
were minor B class flares observed after the time of the LOFAR
observation. Although there were no major X-ray flares at the
time, a number of CMEs were observed by coronagraphs on
STEREO and SOHO in the hours preceding the LOFAR obser-
vations. The CMEs appear to have originated from the far side of
the Sun relative to Earth. A Type III group or storm was observed
during the time interval the observations were taken in.
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Fig. 2. Tied-array images of a Type III radio burst at a) 50-55 MHz; b) 40-45 MHz; and ¢) 30-35 MHz, separated by 1 s. The inset is an
SDOJ/AIA (193 A) image of the EUV Sun at 13:08:18 UT. The dynamic spectra corresponding to two different beams, Beam 4 and Beam 24,
are shown in panels d) and e). The locations of Beams 4 and 24 are marked in panels a)—c) with a triangle and square symbol, respectively. In
panels d) and e), the white line identifies the timestamp in panel b). The full evolution of the radio sources in the dynamic spectra (Bursts 1, 2

and 3) can be seen in the online movie.

A total of 32 Type Il radio bursts have been observed during
a period of only 30 min, after an intensity threshold was set to
distinguish the strongest radio bursts and avoid noise (Fig. 1b).
A zoom in on three particularly strong Type III bursts is also
shown in Figs. 2d,e. The frequency drift rates of the 32 bursts
analysed here vary between —2 to —17 MHz s~! with an average
of =7 MHz s~! at 30-60 MHz, which are comparable with the
findings of Mann & Klassen (2002), who reported a mean value
of —11 MHz s™! at a frequency range of 40-70 MHz.

As the radio bursts travel outwards through the corona, the
frequency of emission of these radio bursts decreases with dis-
tance. Assuming plasma emission, the emission frequency of
Type I radio bursts can be calculated using

F=nfy =nCyN. Hz. (1)

The emission frequency, f, is given by the local plasma fre-
quency, fp, multiplied by the harmonic number 7 and is directly
proportional to the square root of the electron density, N, in
cm~3, where C = 8980 Hz cm?/? is the constant of proportion-
ality. The electron density decreases with altitude in the corona
and, therefore, the frequency also decreases with altitude. It is
possible to estimate the radial velocity of the Type IlIs using
the frequency drift rate, df/dz, of the Type III bursts calculated
according to the equation

_ 2VNe (dNe\ T df
—c \dr) a

In Eq. (2), the unknown is generally the local plasma density, N..
Since the electron density is assumed to decrease radially in the

v

©))
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corona it is necessary to consider a density model, N = N¢(7),
to obtain the density at a specific height in the corona. Here, we
have used the radial electron density models of Newkirk (1961)
and Mann et al. (1999) and the time-dependent density model of
Zucca et al. (2014) to estimate the altitude and velocity of these
bursts which are given in Table 1 and Figs. 4 and 6 assuming
harmonic plasma emission (n = 2 in Eq. (1)). We have made
this assumption because the free-free absorption for harmonic
radiation is less severe and it can escape emission sites easier
than fundamental radiation (Bastian et al. 1998). In addition, the
sources in this observation are found to be at higher altitudes
where harmonic emission is expected to occur based on the local
plasma density.

3.2. Type lll spatial characteristics

Tied-array images of the Type III radio sources were produced at
frequencies between 30 and 60 MHz, in 5 MHz-wide frequency
bins. The images of a radio source at 50-55 MHz, 40—-45 MHz
and 30-35 MHz, respectively are shown in Figs. 2a—c together
with an AIA 193 A passband image from 13:08:18 UT. These
radio images are 1 s apart in order to show the motion of the
Type III burst. Figs. 2d,e show the dynamic spectra of two dif-
ferent beams, Beam 4 and Beam 24, denoted by the triangle
and square symbol, respectively, in the panels above. These two
dynamic spectra were chosen to show the variety of Type III
radio bursts occurring at different positions relative to the Sun.
The Type III labelled Burst 1 in the dynamic spectra is im-
aged in Figs. 2a—c and the dashed white line in the dynamic
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Table 1. LOFAR heights and velocities derived from tied-array imaging and predictions for these values for various density models of the solar

corona for the Type III radio bursts labelled 1, 2 and 3 in Fig. 2.

LOFAR tied-array imaging Mann model ~ Newkirk model = Zucca model

Burst 1

Start distance (Ro) 1.18 £ 0.7 1.37 1.57 1.50

End distance (Ry) 290+1.2 1.72 2.16 1.95

Velocity (¢) 0.51 +0.18 0.11 0.20 0.14
Burst 2

Start distance (Ro) 2.64 +£0.7 1.30 1.60 1.55

End distance (Ry) 4.06+1.2 1.74 2.41 1.96

Velocity (¢) 0.27 +0.11 0.05 0.09 0.05
Burst 3

Start distance (Ro) 1.16 £ 0.7 1.39 1.81 1.60

End distance (Ry) 277+1.2 1.70 2.40 1.98

Velocity (c) 0.58 +0.17 0.07 0.12 0.08

Notes. We assume harmonic emission for all the Type III radio bursts (n = 2 in Eq. (1)).
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Fig. 3. a) Centroids of Type III radio burst emission sources observed during a 30 min period at frequencies between 30 and 60 MHz sampled in
5 MHz-wide frequency bins. The solid lines represent the motion of some of the Type III radio bursts within each individual group. b) Electron
density map of the solar corona (Zucca et al. 2014). The solid contours are plotted for the 30 MHz and 60 MHz emission sites assuming harmonic

plasma emission in this density map.

spectra matches the timestamp in Fig. 2b. The accompanying
movie shows the full evolution of Bursts 1, 2 and 3 over a period
of 2 min.

The propagation of the 32 Type III bursts observed is shown
in Fig. 3a. Here, the centroids of all Type III radio bursts ob-
served during the 30 min time period are shown over a frequency
range of 30 to 60 MHz in 5 MHz—-wide frequency bins. The mo-
tion of Bursts 1, 2 and 3 from Figs. 2d,e are shown by the black
solid lines. An electron density map of the solar corona combin-
ing both observations and models is shown in Fig. 3b. Electron
densities in this map were estimated from the differential emis-
sion measure (DEM) derived using SDO/AIA’s six coronal fil-
ters for the height range 1-1.3 R, and using polarised brightness
SOHO/LASCO for 2.5-5 R. For the height range 1.3-2.5 R a
combined plane-parallel and spherically-symmetric model was
employed (see Zucca et al. 2014, for further details). The density
map was produced for the time period of the LOFAR observa-
tions. However, the time evolution of the map is limited by the
cadence of the LASCO C2 data (~20 min). While the map gives
an accurate description of the electron density situation around
the time of the observations, it cannot be made contemporaneous
with the individual tracks of the radio bursts.

Figures 3a,b also show the location of the contours of the
electron densities necessary for 30 MHz and 60 MHz harmonic

plasma emission (n = 2 in Eq. (1)). Using Eq. (1), the elec-
tron densities required for radio emission at these frequencies
are 2.8 x 10° cm™ and 1.1 x 107 cm™3, respectively. The posi-
tions of the Type III centroids lie on either side of these contours
in Fig. 3a. This can be a consequence of the spatial resolution of
the imaging technique used which is lower than that of the den-
sity map or it may be due to narrow-high density streamers not
visible in the density map due to the limited spatial resolution
of the LASCO data. However, Burst 2 was found at even higher
altitudes which correspond to much lower electron densities in
Fig. 3b.

The motion of Bursts 1, 2 and 3 are shown in Fig. 4 in a
distance-frequency plot. The solid lines in Fig. 4 represent the
three electron density models mentioned above for comparison
with the motion of the bursts. The density model curves are plot-
ted assuming harmonic plasma emission (n = 2 in Eq. (1)) as
well as a radial electron density profile through the corona. There
is no emission between 55—-60 MHz for Burst 3 because the in-
tensity falls below the intensity threshold used. The slope of the
motion of Bursts 1 and 3 observed by LOFAR is steeper than
the slope of the density model curves. This implies that the elec-
tron density gradient in the corona is steeper than that assumed
by the density models. Burst 2 occurs at altitudes significantly
higher than Bursts 1 and 3 and the predictions of the density
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Fig. 4. Height-frequency plot of the Type III radio bursts observed in
Figs. 2d,e. The trajectories of Bursts 1, 2 and 3 from Figs. 2d,e are
shown by the black solid lines. The coloured solid lines represent elec-
tron density models of the solar corona assuming harmonic plasma
emission.

LASC0-C3 13:30:23 UT
LOFAR 40-45 MHz, 18:09:01 UT -
| : B

Fig.5. LASCO C3 running difference image of a CME on
28 February 2013 at 13:30:23 UT. The high altitude Type III burst at
13:09:01 UT (Burst 2) is shown in yellow contours.

models. Burst 2 therefore originates at a higher altitude in the
corona and the slope of the motion curve for Burst 2 also has a
steeper profile.

3.3. High altitude Type Il bursts

Burst 2 has a non-radial trajectory as seen in Fig. 3a and its start
altitude is significantly higher than the predictions of the three
density models in Fig. 4. There is also no density enhancement
in Fig. 3b in the direction of Burst 2. After investigating corono-
graph images, in particular LASCO C3 (Fig. 5), a CME was
observed propagating away from the Sun and expanding dur-
ing the time the radio bursts occur (image at 13:30:23 UT). The
CME is plotted in Fig. 5 together with the LOFAR 40-45 MHz
contour (yellow) of the high altitude Type III burst (Burst 2) at
13:09:01 UT. There are no features in the LASCO image in the
direction radial to the Type III radio burst due to the pylon of
the occulting disk of LASCO C3. However, the position of the
southern leg of the CME in Fig. 5 is cospatial with the posi-
tion of the Type III radio burst contours. The CME was the only
large-scale change in the solar corona occuring at the time of
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Fig. 6. Radial motion of Bursts 1, 2 and 3. The velocities given on the
left of each panel were calculated from the slope of the fit. The colours
correspond to different frequency bins from 30 to 60 MHz. The error
bars in the three plots are calculated based on the FWHM of the beams
at each frequency.

the observation that would account for an increase in density up
to ~4 Ry. As can be seen in the electron density map in Fig. 4b,
the streamers present did not have sufficiently high densities to
account for this emission.

At a frequency of 32.5 MHz, a Type III radio burst would
require an electron density of 3.3 x 10° cm™ (see Eq. (1)) while
in our density map the local plasma densities are of the order
of 10° cm=3. There are two ways in which the local plasma can
have high electron densities at 4 Rg: the direct passage of the
CME compresses the local plasma around it or the CME expand-
ing against a coronal streamer which compresses it increasing
the electron density inside the streamer. The CME may also de-
flect the streamer and as a result deflect the existing radial open
magnetic field lines to non-radial directions. Since streamer ac-
tivity was observed before and after the CME occurred, a dense
streamer was possibly further compressed by the CME so that
electron densities could have been high enough to explain these
high altitude radio bursts.

3.4. Type lll kinematics

The centroids of Bursts 1, 2 and 3, which can be seen in the ac-
companying movie, were extracted in order to produce height-
time plots as seen in Figs. 6a—c. The colours in Fig. 6 cor-
respond to radio emission between 30 and 60 MHz, averaged
in 5 MHz-wide frequency bins. There is no emission be-
tween 55—-60 MHz for Burst 3 because the intensity falls below
the intensity threshold used. The slope of each plot was used to
estimate the velocity of propagation of the bursts. The error bars
in the three plots represent the largest calculated errors which
occur due to the large size of our tied-array beams at these low
frequencies (this is given by the FWHM of the beams at each
frequency).

Estimated distances and velocities of Bursts 1, 2 and 3 from
LOFAR imaging and various density models are also shown
in Table 1 for direct comparison with these models. The ve-
locities of Bursts 1, 2 and 3 (0.58 = 0.17 ¢, 0.27 = 0.11 ¢
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and 0.51 + 0.18 ¢, respectively) are generally higher than the
standard velocities of Type III radio bursts of ~0.05-0.30 c
(Dulk et al. 1987; Lin et al. 1981, 1986). The motion of the
Type III sources contradicts the predictions of various density
models using frequency drift rates as seen in Table 1. Wild et al.
(1959) found higher velocities from interferometry in a num-
ber of Type III radio bursts studied, exceeding ~0.3 ¢, with an
average velocity of 0.45 c. However, the high velocities could
also be a consequence of the low spatial resolution at low ra-
dio frequencies of both observations but this is unlikely for most
of the bursts as their movement is larger than the extent of the
beam. In this observation, the density models used are not a good
match for the motion of the Type III radio bursts observed since
they predict lower altitudes and velocities compared to LOFAR
tied-array imaging.

4. Discussion and conclusion

Using a novel observing mode, the LOFAR tied-array beams,
we extracted the spatial information of multiple Type III radio
bursts and related it to high-time and frequency resolution dy-
namic spectra. Our observations show a number of Type III ra-
dio bursts being emitted at high altitudes (30-35 MHz bursts at
4 R, from the solar center) which is not believed to occur due
to the low electron density of the surrounding plasma in a quiet
solar corona. Our observations also show that not all Type III
radio bursts follow a radial trajectory from the center of the Sun
as previously assumed by electron density models of the corona.
It is therefore necessary to consider a 2D electron density map
(Zucca et al. 2014) for Type III studies. However, such density
maps are based on polarised brightness from LASCO data in the
range 2.5-5 Ry and narrow streamers cannot be taken into ac-
count due to limited resolution. Since ionospheric effects did not
play an important role into shifting the source positions, we in-
vestigated the relation of the high altitude Type III bursts with
large-scale changes in the corona that have an impact on the lo-
cal plasma density such as coronal streamers and CMEs. A CME
was indeed observed by LASCO and the southern leg correlates
spatially with the location of the Type III bursts. Since streamer
activity was observed before and after the CME occurred, we
believe a dense streamer was compressed by the CME. This re-
sulted in a higher density region inside the streamer necessary
for high altitude plasma emission at 30 MHz assuming electrons
were accelerated to produce the Type III radio bursts.

The velocities calculated from the motion of the sources are
generally higher than Type III velocities reported in the litera-
ture of ~0.05-0.30 ¢ (Dulk et al. 1987; Lin et al. 1981, 1986).
The velocities were also calculated using various density mod-
els applied to the frequency drift rate in the dynamic spec-
trum (Table 1). The velocities varied with density model but they
were lower by up to a factor of ~4 than the velocities calcu-
lated from LOFAR tied-array imaging. This comes as no sur-
prise since it was already shown that the density models used
do not represent the situation well especially in the case of the
CME associated Type III bursts. The high velocities of tied-array
imaging could be argued to be a consequence of the low spa-
tial resolution of the beams. However the displacement of the
Type IIIs exceeds the beam size and errors due to the FWHM of
the beams were included in the velocity calculations. Therefore
the electron density models used are not a good match for our
observations.

The high altitude Type III bursts were shown to be asso-
ciated with the passage of a CME. Carley et al. (2013) found
particle acceleration associated with a CME shock in the solar

corona which produced a herringbone pattern on the backbone
of a Type II radio burst. Herringbones are indicative of elec-
tron beams travelling away from the shock and they are simi-
lar in appearance and velocity to Type III bursts (Carley et al.
2013, found herringbone generating electrons to have a velocity
of ~0.15 ¢). We applied the same analysis to our Type III bursts;
however, the CME observed on 2013 February 28 was a slow
CME with a radial velocity of ~250 km s~!. The Alfvén speed
at 4 R, was estimated to be ~220 km s~!. Since the CME speed
was not very high compared to the Alfven speed, the shock pro-
duced was weak and therefore may not have been very effective
at accelerating particles to velocities >0.1 ¢ which is the velocity
of the Type III producing electrons.

An alternative scenario that may explain particle accelera-
tion is magnetic reconnection along the flank of the CME. For
example, Bemporad et al. (2010) found multiple reconnection
sites associated with a CME expanding against the surround-
ing coronal streamers which they verified with numerical sim-
ulations. In our observations, assuming the southern leg of the
CME is in the vicinity of an open magnetic field line, electrons
resulting from these side reconnections can escape and produce
the high altitude Type III radio bursts we see, inside the denser
plasma of a compressed streamer. The non-radial trajectory of
the Type III bursts can also be explained by the deflection of a
coronal streamer by the CME.

The tied-array beams prove promising in detecting radio
bursts with very high frequency and temporal resolution. In addi-
tion to this, tied-array beam observations can measure the posi-
tions of the emission sources of the radio bursts. The accuracy in
these positions is only limited by the beam size since ionospheric
effects were not significant during this observation. The beams
size can be improved by increasing the baseline in future obser-
vations. In principle, remote stations could be added to the full
LOFAR core, however this is not yet possible. An adequate beam
size for the study of the sources of Type III radio bursts would
be approximately half of the current beam size (3.5 at 90 MHz
to 10" at 30 MHz). Ionospheric effects may become more signif-
icant for smaller spatial scales. In the future, the possibility of
making simultaneous observations using both LBAs and HBAs
will be beneficial for full spectral analysis of these radio bursts.
This analysis can also be applied to different types of bursts
within the LOFAR spectral range.
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