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Abstract

Context. Type II radio bursts are evidence of shocks in the solar atmosphere and inner heliosphere that emit radio waves ranging from sub-meter to kilometer lengths. These shocks may be associated with coronal mass ejections (CMEs) and reach speeds higher than the local magnetosonic speed. Radio imaging of decameter wavelengths (20–90 MHz) is now possible with the Low Frequency Array (LOFAR), opening a new radio window in which to study coronal shocks that leave the inner solar corona and enter the interplanetary medium and to understand their association with CMEs.

Aims. To this end, we study a coronal shock associated with a CME and type II radio burst to determine the locations at which the radio emission is generated, and we investigate the origin of the band-splitting phenomenon.

Methods. Thetype II shock source-positions and spectra were obtained using 91 simultaneous tied-array beams of LOFAR, and the CME was observed by the Large Angle and Spectrometric Coronagraph (LASCO) on board the Solar and Heliospheric Observatory (SOHO) and by the COR2A coronagraph of the SECCHI instruments on board the Solar Terrestrial Relation Observatory(STEREO). The 3D structure was inferred using triangulation of the coronographic observations. Coronal magnetic fields were obtained from a 3D magnetohydrodynamics (MHD) polytropic model using the photospheric fields measured by the Heliospheric Imager (HMI) on board the Solar Dynamic Observatory (SDO) as lower boundary.

Results. The type II radio source of the coronal shock observed between 50 and 70 MHz was found to be located at the expanding flank of the CME, where the shock geometry is quasi-perpendicular with θBn ~ 70°. The type II radio burst showed first and second harmonic emission; the second harmonic source was cospatial with the first harmonic source to within the observational uncertainty. This suggests that radio wave propagation does not alter the apparent location of the harmonic source. The sources of the two split bands were also found to be cospatial within the observational uncertainty, in agreement with the interpretation that split bands are simultaneous radio emission from upstream and downstream of the shock front. The fast magnetosonic Mach number derived from this interpretation was found to lie in the range 1.3–1.5. The fast magnetosonic Mach numbers derived from modelling the CME and the coronal magnetic field around the type II source were found to lie in the range 1.4–1.6.
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1 Introduction
Type II radio bursts are the result of magnetohydrodynamics (MHD) shocks in the solar atmosphere (Uchida 1960; Wild 1962; Mann et al. 1995), and they can be observed to range from sub-metric to hectometric wavelengths (~400 to ~0.4 MHz). Several candidates for triggering and driving these MHD shocks have been proposed, such as coronal mass ejections (CMEs), flares, coronal waves, erupting loops or plasmoids, ejecta-like sprays, and X-ray jets (Pick & Vilmer 2008; Nindos et al. 2008, and references therein). Magdalenić et al. (2010) showed that in addition to type II bursts related to CMEs, flares may also be responsible for the production of a shock wave that drives the type II bursts. However, several statistical studies (Claßen & Aurass 2002; Cho et al. 2005; Gopalswamy 2006) and recent case studies (Zimovets et al. 2012; Zucca et al. 2014b; Pick et al. 2016) using radio spectral observations together with white-light and X-ray images showed that CMEs can initiate most of the metric type II (m-type II) bursts.
The region of the CME that is responsible for driving the shock might be different for each event and has not yet been comprehensively identified. Multiple scenarios have been suggested, such as a pure bow shock at the CME front and a multiple shock scenario in internal parts, or flanks of the CME, possibly also related to blast waves as triggering events (see e.g. Claßen & Aurass 2002; Nindos et al. 2011). Furthermore, as the shock is triggered by a propagating front travelling faster than the magnetosonic wave speed, travelling disturbances in the corona can create shocks only in specific structures with low Alfvén speed. In some cases, the propagating wave can also steepen into a shock when it moves towards an environment with decreasing Alvén speed (see e.g. Vršnak & Lulić 2000). The scenario is then additionally complicated as the electron acceleration at shocks that results in radio emission may be restricted to quasi-perpendicular regions (Holman & Pesses 1983; Bale et al. 1999). Therefore, a detailed analysis by interferometric radio observations, extreme ultraviolet (EUV) and white-light together with models or data-constrained models of the magnetic field and Alfvén speed are necessary to fully understand the type II burst – CME paradigm. Several cases of m-type II bursts have been studied using radio positional information at frequencies ≥150 MHz with the Nanca̧y radio-heliograph (NRH; Kerdraon & Delouis 1997). In these studies, the radio source location is compared with EUV or X-ray observations (e.g. Klein et al. 1999; Dauphin et al. 2006; Nindos et al. 2011; Zimovets et al. 2012; Zucca et al. 2014b), while only a few cases of radio burst imaging and white-light CMEs are available (e.g. Maia et al. 2000). The lack of radio positional information compared with white-light CMEs is mainly due to observational constraints. Metric type II burst typically occur in the low corona (i.e. <2 R⊙); these heights are currently occulted in space-borne coronagraphs, while for type II in the deca-hectometric range (DH-type II) at heights > 2 R⊙, where coronagraphs are available, radio imaging observations are unavailable. Radio-heliographic observations of type II radio bursts at 109 MHz have been reported by Ramesh et al. (2012) with the Gauribidanur radio-heliograph (Ramesh et al. 1998), and there are a few observations in the literature of type II radio bursts at 80 MHz (e.g. Gary et al. 1984) using the no longer operating Culgoora radio heliograph (Wild 1967). To date, there is no radio positional observation of type II bursts at frequencies < 80 MHz. A range of low-frequency radio imaging arrays have been developed in the past years, such as the Murchison Widefield Array (MWA; Tingay et al. 2013), which was recently used for solar observations (e.g. Mohan & Oberoi 2017), and the LOw Frequency ARray (LOFAR; van Haarlem et al. 2013). LOFAR operates at frequencies of 10–240 MHz, and it features multi-beaming capabilities, which can be used to produce heliographic imaging of the radio source (Morosan et al. 2014, 2015; Reid & Kontar 2017). The frequency domain at which LOFAR operates bridges the gap between the metric band and the currently unexplored imaging of the decametric band.
We here use LOFAR tied-array beam imaging and spectroscopy to study the location of a decametric type II radio burst and understand the region of the CME responsible for triggering the shock and the role of the ambient magnetic field and fast magnetosonic speed. In Sect. 2 we give an overview of the observational method, and we present the results of the tied-array beam imaging analysis and of the 3D reconstruction of the CME. In Sect. 3 we discuss the results and present the conclusion.
2 Observations and data analysis
2.1 LOFAR observations
On 2013 October 26, a type II radio bursts was recorded using one of the LOFAR beam-formed modes (Stappers et al. 2011; van Haarlem et al. 2013). The radio burst was observed with the Low Band Antennas (LBAs) operating at frequencies of 10–90 MHz using six stations at the heart of the core combined to effectively form a single large station, a 320 m diameter island referred to as the Superterp.
We used 91 simultaneous beams to cover a field of view of ~16 R⊙ centred on the Sun. Each beam produces a dynamic spectrum with high time- and frequency resolution (10 ms; 12.5 kHz) at a unique spatial location that can be used to produce tied-array images of radio bursts (see Morosan et al. 2014, 2015).
The FWHM of the tied-array beam size with this beam configuration is estimated to lie between 1.1 and 2.2 R⊙ from 80 to 50 MHz because of the reduced spatial resolution of the tied-array beam imaging, which uses a baseline of ~320 m. The location of the 91 beams is shown in Fig. 1. The dynamic spectrum of the type II radio burst is shown in Fig. 2. The burst shows fundamental (F) and harmonic (H) emission, and both lanes present band-splitting. Radio emission started around 9:30 UT, and the harmonic component drifted from 70 MHz to 30 MHz in approximately 6 min. The intensity of the radiation at a specific beam location can then be used to produce a “macro-pixel” map at a chosen time and frequency. Figure 3a shows the dynamic spectrum of the type II burst with the superposed triangles indicating the frequency and time at which the locations of the type II burst are reported in Fig. 3b.
The location of the radio source for this specific setting of beam locations (using only the Superterp) can be estimated to lie between 70 and 50 MHz, while below 50 MHz, the larger source size results in emission spilling in the adjacent beam side-lobes. The location of sources below 50 MHz with the tied-array beam mode configuration requires a larger baseline than the Superterp (see Morosan et al. (2014, 2015) for full core tied-array observations) or a full knowledge of the beam shape. Figure 3b shows the contours (80%, 90%, and 95%) of the radio emission flux at 70, 65, 60, 55, and 50 MHz, following the harmonic emission band from 09:31:10 UT to 09:32: 58 UT. These contours are superposed to the running difference image of the CME observed with SOHO/LASCO (09:36−09: 24 UT). The radio sources are located in the flank of the CME and appear to show a trend of motion consistent with the lateral expansion of the flank (indicated by the black arrow). However, with this set of observations and with the effects of scattering and refraction inthe corona at these wavelengths (Kontar et al. (2017) report a size increase around 20 arcminutes and a potential shift up to ~5 arcmin for LOFAR frequencies), we do not take into account any source motion for this study. When metric or decametric radiation propagates through the corona, it is both refracted and scattered by turbulent plasma processes that may affect the apparent positions of the radio sources. For this reason, we did not estimate the speed of the radio sources but we compared their positional centroid (indicated in Fig. 3b by the red dot) with white-light observations. The position of the type II radio burst at different frequencies was found to be located within the uncertainties at the flank of the CME.
	[image: thumbnail]	Fig. 1
Map of 91 tied-array beams covering a field of view of ~16 R⊙ centred on the Sun. The FWHM of the beam at a frequency of 65 MHz is represented by the red circle, and the size of the optical Sun is represented by the yellow circle. The blue filled dot is the location of the beam at which the dynamic spectrum of Fig. 2 was obtained.



	[image: thumbnail]	Fig. 2
Dynamic spectrum (from the beam reported with the filled blue circle in Fig. 1) of a type II radio burst recorded on 2013 October 26 at 9:30 UT, showing fundamental (F) and harmonic (H) components, both split into two lanes. The spectrum was obtained with the LOFAR Superterp LBA antennas. The decrease in sensitivity below 29 MHz is due to the filter for the HF band.



	[image: thumbnail]	Fig. 3
Panel a: dynamic spectrum of the type II radio burst observed on 2013 Oct 26; the harmonic emission is visible from 70 to ~30 MHz. The specific times and frequencies at which the location of the radio source is calculated are indicated with coloured triangles. Panel b: running-difference image of the CME observed with SOHO/LASCO (09:36−09:24 UT) with superposed contours of the radio sources (80%, 90%, and 95%) using the same colour code as for the triangles in panel a.



2.2 CME multi-viewpoint triangulation
On 2013 October 26, during a period of intense solar activity, a series of CME were observed with the Large Angle and Spectrometric Coronagraph (LASCO; Brueckner et al. 1995) on board the Solar and Heliospheric Observatory (SOHO; Domingo et al. 1995) and with the COR2A coronagraph of the SECCHI (Howard et al. 2008) instruments on board the STEREO (Kaiser et al. 2008) mission. The first CME appeared in LASCO/C2 at 07:00 UT, and it was then followed at 09:12 UT by the CME associated with the type II radio burst presented in this work. A third CME appeared again at 09:48 UT. Owing to the multiple passages of the CMEs, the coronal environment was significantly disturbed. The longitudinal separation between SOHO and STEREO-A was 148° on 2013 October 26. Based on this multi-viewpoint dataset, the 3D surface of the expanding CME can be reconstructed using the method from Rouillard et al. (2016). Figure 4 shows some examples of the 3D reconstruction technique. The CME front is fitted with an ellipsoid, and panels (a) and (b) show the running-difference images at 09:24 UT and 10:00 UT in which the superposed red crosses were manually obtained to match the CME front observed from LASCO C2. As the CME is propagating in a disturbed corona because of the passage of the previous CME, the white-light front selection was not straightforward and required a careful manual selection. The obtained points that matched the CME front at different times were then used to fit the surface of an ellipsoid at each time step and obtain a set of three parameters. The ellipsoid central position is defined in heliocentric coordinates (radius, latitude, and longitude). These ellipsoids where then visually compared to match the CME observed by the COR2A coronagraph viewpoint. After the parameters of the successive ellipsoids were obtained, we interpolated these parameters at steps of 150 seconds to generate a sequence of regularly time-spaced ellipsoids. To compute the 3D expansion speed of the surface of the CME, we determined for a point P on the ellipsoid at time t the location of the closest point on the ellipsoid at a previous time-step t − δt by searching for the shortest distance between point P and all points on the ellipsoid at time t − δt. We then computed the distance travelled between these two points and divided this by the time interval δt = 150 seconds to obtain an estimate of the speed at P. This approach slightly underestimates the CME front speed, but it returns a simple estimation of the speed in the direction perpendicular to the CME surface.
Figure 5a shows the CME running-difference image (09:36 − 09:24 UT) with superposed contours of the 50 MHz source at 09:32:58 UT and the centroid of the radio sources from 70 to 50 MHz between 09:31:10 and 09:32:58 UT (same sources as reported in Fig. 3), indicating the averaged position where the type II emission was recorded (red dot). Figure 5b compares the location of the type II radio source centroid with the CME expansion speed. A detailed comparison of the radio source positions with the shock front observed in white light is not possible because the time cadence of LASCO/C2 is limited. The type II signature is observed to propagate between 09:31:10 and 09:32:58 UT, while the coronagraph images were taken at 9:24 and 9:36 UT. However, even without high time-cadence observations in white light, the radio emission is found to be located at the flank region where the CME expansion speed calculated with the 3D reconstruction is ~370 km s−1. The flanks of the CME are not the fastest expanding regions of the CME surface. The apex shows a propagation speed of about 500 km s−1. The radio emission, however, is located at the flank of the CME, indicating that other parameters such as the shock geometry and the Mach number play a key role in generating the radio emission from the shock. To estimate the Mach number along the CME expanding surface, we started reconstructing the ambient corona electron density using a combination of SDO/AIA and SOHO/LASCO data as described by Zucca et al. (2014a). Subsequently, we used the model called magneto-hydrodynamic around a sphere polytropic (MASP) developed by Predictive Sciences Inc. (Linker et al. 1999). MASP is a 3D MHD polytropic model that adopts the photospheric magnetograms from SDO/HMI as the inner boundary condition of the magnetic field. The full details of the interpolation technique used to derive the coronal fast-magnetosonic speed from the 3D MHD model results at all points on the surface of the CME is described in Rouillard et al. (2016).
After we estimated the ambient fast magnetosonic speed, the Mach number was obtained by calculating the ratio between the expanding CME front speed and the fast-magnetosonic speed. Figure 6shows a 3D view of the reconstructed expanding CME surface using the technique from Rouillard et al. (2016). The viewpoint is chosen to allow the overview of the CME speed (a), magnetic field orientation θ (b), and the fast magnetosonic Mach number (c) of the apex and upper flank of the CME simultaneously. For each panel the line of sight (LOS) is indicated with a purple arrow, and the location of the the type II radio burst is indicated by the red circle. The type II radio emission is recorded at the flank of the CME in a region where the speed of the expanding CME reaches ~370 km s−1 and the Mach number ranges from 1.4 to 1.6 and with the orientation of the B-field θ ~ 70° (Fig. 6).
	[image: thumbnail]	Fig. 4
Panel a: running-difference image of the CME observed with LASCO C2 at 09:24 UT. The superposed red crosses represents the manually selected CME front used to fit the ellipsoid. Panel b: same image as panel a at 10:00 UT. Panel c: resulting projected ellipsoid surface with the related red crosses extracted from the CME running-difference image at 09:25 UT, and at 10:00 UT in panel d.



	[image: thumbnail]	Fig. 5
Panel a: running-difference image with superposed contour of the type II harmonic emission at 50 MHz at 09:32:58 UT and thecentroid of the position of the radio sources from 70 to 50 MHz from 09:31:10 UT to 09:32:58 (reported in Fig. 3b). Panel b: CME 3D speed surface reconstruction from multi-viewpoint observations; the radio source centroid is indicated with the pink circle.



2.3 Band-splitting and multi-lanes
Type II radio bursts typically present two bright bands of emission with a frequency ratio of ~2. These are commonly accepted to be the emission of the fundamental and first harmonic of the local plasma frequency (see e.g. Wild & Smerd 1972; Mann et al. 1995; Aurass 1997; Gopalswamy & Thompson 2000; Pick & Vilmer 2008). These two bright bands often appear to show a distinct separation into two sub-bands with an average frequency ratio of ~1.23 (Vršnak et al. 2001; Du et al. 2015) in both fundamental and harmonic emission. This phenomenon is known as band-splitting of the type II radio burst, and its origin is still controversial. One explanation that found observational evidence in the past (Smerd et al. 1974; Vršnak et al. 2001) and recently (Zimovets et al. 2012; Zucca et al. 2014b) is that the two lanes originate from a simultaneous radio emission from the upstream and downstream region of a shock. Holman & Pesses (1983) suggested that band-splitting might also result from a planar shock front moving non-radially across curved magnetic field lines. Another interpretation of band-splitting is that the two sub-lanes are the result of emission from two different parts of the shock front with similar expanding speeds, where the coronal ambient properties such as the electron density, magnetic field, and Alfvén speed are different (see e.g. McLean 1967; Schmidt & Cairns 2012). In addition to the band-splitting phenomenon, type II radio bursts may also show multiple separate lanes (Nelson & Melrose 1985). These multiple lanes cannot be explained with a simple upstream and downstream emission from a single shock front. Recently, Zimovets & Sadykov (2015) reported an observation with three separate lanes. Using observations from the NRH (Kerdraon & Delouis 1997), they showed distinct locations of the radio sources associated with the different lanes. They proposed a scenario in which two lanes are paired and originate from the upstream and downstream of a shock front, while the third lane was found to have its origin in another location and resulted from a different shock front.
The type II burst observed on 2013 October 13 with LOFAR presents both band-splitting and multiple lanes. A dynamic spectrum showing the band-splitting and multiple lanes in the type II burst is shown in Fig. 7a. Band-splitting is visible in both fundamental (indicated with red stars and marked F and Fa) and harmonic emission (indicated with orange stars and marked H and Ha). The type II radio burst shows also a second harmonic band of emission, marked 2Ha. This is the second harmonic emission of the Fa lane, while the second harmonic emission of the F lane is not clearly discernible as it is superposed with the Ha emission lane. Multiple lanes other than the different orders of emission of the F and Fa pair are also present. These are indicated in the dynamic spectrum with the black arrows, and they are evident starting from 09:34 UT, where the type II signature becomes more complex. The radio source positions for the lanes H and Ha and the second harmonic 2Ha are indicated in panel b using the same colour code as the triangles in panel a, while no spatial information could be inferred for the F and Fa bands with the current beam setting as these lanes are below 50 MHz. Sources are superposed over the LASCO white-light running-difference image of the CME at 09:36 UT in panel b. Lanes H and Ha (the temporal evolution of lane Ha is reported in Fig. 3) resulting from band-splitting are located in the flank of the CME. Panel c shows the fast magnetosonic Mach number estimated with the 3D reconstruction over the CME surface. The positions of the radio sources of the band-splitting lanes (H and Ha) are superposed in the 3D reconstruction with the two triangles, using the colour code of the triangles in panel a and indicating the LOS path with a purple line. The two source locations are in a region where the Mach number is higher than 1. In particular, lanes H and Ha are located in a region where the fast magneto-sonic Mach number is in the range 1.4–1.6. Within the resolution of this observation, the two sources (H and Ha) are located in the same region. This is in agreement with the band-splitting interpretation of emission ahead and behind the shock front. When we consider this interpretation, the fast magnetosonic Mach number can be estimated by calculating the compression ratio inferred from the frequency split in the type II harmonic lane. The average value of the compression ratio from the band-splitting along the first harmonic emission lanes is X = 1.45. We estimated the fast magneto-sonic Mach number using the method described by Vršnak et al. (2002), using Eq. (9) of their manuscript. The fast magnetosonic Mach number [image: equation] assuming a polytropic index γ = 5∕3, has a value of 1.32–1.35, using a plasma-to-magnetic pressure ratio β between 0 and 2, respectively. For a value of γ = 1 (uniform coronal temperature), the Mach number is estimated as MFM = 1.36 – 1.54 and is in this case comparable with the Mach number estimated with the 3D CME reconstruction (1.4–1.6).
	[image: thumbnail]	Fig. 6
3D reconstruction of the coronal ambient parameters. Panel a: CME speed, panel b: magnetic field orientation with respectto the perpendicular direction to the CME front, and panel c: fast magnetosonic Mach number. The LOS is indicated with the purple arrow, and the radio source centroid is shown with the red circle. The modelled CME front is reported at 09:36 UT in all panels.



	[image: thumbnail]	Fig. 7
Panel a: dynamic spectrum of the type II radio burst observed on 2013 Oct 26, showing band-splitting in both the fundamental (F and Fa) and the harmonic lanes (H and Ha) and a series of multi-lanes (indicated by the black arrows). The second harmonic emission can also be seen and is marked with 2Ha. The location of the radio sources for the two split-lanes resolved for 50 and 65 MHz at 09:31:30 UT are indicated in the dynamic spectrum by the brown and yellow triangles, respectively. The second harmonic of the type II radio burst is indicated at 75 MHzwith the blue triangle. Panel b: running-difference image of the CME observed with SOHO/LASCO (09:36−09:24 UT) with superposed contours of the radio sources (80%, 90%, and 95%) of the two split lanes H and Ha at 09:31:30 UT. The source location of the second harmonic at 09:32:45 using the colour code of the triangles in panel a is also shown. Panel c: reconstructed CME Mach number. The locations of the type II split-lanes are superposed. The LOS is indicated bythe purple line.



2.4 Second harmonic emission
The second harmonic emission (three times the fundamental emission) is rarely observed in type II radio bursts. The type II radio burst observed on 2013 October 26 by LOFAR showed this emission in the dynamic spectrum. This emission lane is marked as 2Ha in Fig. 7. The tied-array beam source reconstruction was used to locate the source position of the second harmonic lane 2Ha. The radio source position at 75 MHz of the 2Ha lane is indicated with blue contours in Fig. 7b. The position is comparable within the beam size with the location of the first harmonic lane Ha, suggesting that the second and third harmonic emission originate from the same source region. This finding is in agreement with Zlotnik et al. (1998), where the authors were able to measure the source location of another type II burst showing first and second harmonic emission. Using the NRH imaging bands at 327 and 435 MHz, they concluded that their observations were in agreement with the first and second harmonic lane of the type II radio burst coming from the same source. This confirmation using LOFAR suggests that radio wave propagation does not significantly alter the apparent location of the harmonic source even at low frequencies such as 65 and 75 MHz.
3 Conclusion
We have presented a study of the type II radio burst observed on 2013 October 26. We were able for the first time to estimate the spatial location of the type II radio burst at frequencies between (70–50 MHz) using the LOFAR LBA antennas. This complex type II radio burst was composed of a pair of split lanes observed at fundamental, first, and second harmonic emission and of several multi-lanes. The location of the type II radio signature was compared with the CME front reconstructed in 3D. The fast magnetosonic speed and the B-field orientation were used toestimate the shock Mach number and the shock magnetic field geometry along the CME surface. We have found that the radio signature of the shock is located at the flank of the CME. In particular, the band-splitting of the type II first harmonic emission is located in the flank of the CME where the Mach number ranges between 1.4 and 1.6 and the configuration is quasi-perpendicular, θBn ~ 70°. This study provides observational evidence on the location of the type II emission in the region with quasi-perpendicular geometry and Mach number greater than 1. This is the region where particles can efficiently be accelerated to higher energies by shock drift acceleration (Holman & Pesses 1983; Mann & Klassen 2005). The quasi-perpendicular geometry related to a signature of a type II radio burst was recently found also by Salas-Matamoros et al. (2016). In addition, multiple lanes in the type II emission may be explained with the radio signature coming from different regions of the shock front where the local plasma conditions are favourable for quasi-perpendicular shocks and for the generation of associated radio emission. However, the observations we presented do not allow identifying the spatial position of these lanes. We were able to locate the source position of the first harmonic split lanes, which was found to be consistent with the emission ahead and behind the expanding shock front in the CME flank. A comparable Mach number (1.3–1.5) was calculated independently from the band-splitting in the dynamic spectrum assuming this scenario. However, other scenarios cannot be excluded since the observation we presented does not provide a definite answer to the band-splitting phenomenon. The location of the second harmonic emission was also identified. It was located within the beam size in a common source region with the first harmonic emission. This confirms previous findings and excludes that in this event, radio wave propagation significantly alters the apparent location of the radio source of the second harmonic emission. Radio observations with better resolution are necessary to clearly describe the origin of the different emission lanes and to interpret them. In particular, LOFAR observations using simultaneously imaging and tied-array beam will reduce the uncertainties of the radio source location, and will allow determining the location of fainter radio sources. Questions remain about the number of events with shocks at the flank of CMEs, about the necessity of a quasi-perpendicular geometry in type II emission, and about the nature of the band-splitting and multi-lane phenomena. Multi-viewpoint observations together with imaging campaigns using LOFAR are important for solving the remaining unknowns of the type II radio emission, the related fine structures, and the relationship between CME expansion and ambient medium parameters in producing the radio emission.
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All Figures
	[image: thumbnail]	Fig. 1
Map of 91 tied-array beams covering a field of view of ~16 R⊙ centred on the Sun. The FWHM of the beam at a frequency of 65 MHz is represented by the red circle, and the size of the optical Sun is represented by the yellow circle. The blue filled dot is the location of the beam at which the dynamic spectrum of Fig. 2 was obtained.
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Dynamic spectrum (from the beam reported with the filled blue circle in Fig. 1) of a type II radio burst recorded on 2013 October 26 at 9:30 UT, showing fundamental (F) and harmonic (H) components, both split into two lanes. The spectrum was obtained with the LOFAR Superterp LBA antennas. The decrease in sensitivity below 29 MHz is due to the filter for the HF band.
In the text



	[image: thumbnail]	Fig. 3
Panel a: dynamic spectrum of the type II radio burst observed on 2013 Oct 26; the harmonic emission is visible from 70 to ~30 MHz. The specific times and frequencies at which the location of the radio source is calculated are indicated with coloured triangles. Panel b: running-difference image of the CME observed with SOHO/LASCO (09:36−09:24 UT) with superposed contours of the radio sources (80%, 90%, and 95%) using the same colour code as for the triangles in panel a.
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Panel a: running-difference image of the CME observed with LASCO C2 at 09:24 UT. The superposed red crosses represents the manually selected CME front used to fit the ellipsoid. Panel b: same image as panel a at 10:00 UT. Panel c: resulting projected ellipsoid surface with the related red crosses extracted from the CME running-difference image at 09:25 UT, and at 10:00 UT in panel d.
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Panel a: running-difference image with superposed contour of the type II harmonic emission at 50 MHz at 09:32:58 UT and thecentroid of the position of the radio sources from 70 to 50 MHz from 09:31:10 UT to 09:32:58 (reported in Fig. 3b). Panel b: CME 3D speed surface reconstruction from multi-viewpoint observations; the radio source centroid is indicated with the pink circle.
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	[image: thumbnail]	Fig. 6
3D reconstruction of the coronal ambient parameters. Panel a: CME speed, panel b: magnetic field orientation with respectto the perpendicular direction to the CME front, and panel c: fast magnetosonic Mach number. The LOS is indicated with the purple arrow, and the radio source centroid is shown with the red circle. The modelled CME front is reported at 09:36 UT in all panels.
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	[image: thumbnail]	Fig. 7
Panel a: dynamic spectrum of the type II radio burst observed on 2013 Oct 26, showing band-splitting in both the fundamental (F and Fa) and the harmonic lanes (H and Ha) and a series of multi-lanes (indicated by the black arrows). The second harmonic emission can also be seen and is marked with 2Ha. The location of the radio sources for the two split-lanes resolved for 50 and 65 MHz at 09:31:30 UT are indicated in the dynamic spectrum by the brown and yellow triangles, respectively. The second harmonic of the type II radio burst is indicated at 75 MHzwith the blue triangle. Panel b: running-difference image of the CME observed with SOHO/LASCO (09:36−09:24 UT) with superposed contours of the radio sources (80%, 90%, and 95%) of the two split lanes H and Ha at 09:31:30 UT. The source location of the second harmonic at 09:32:45 using the colour code of the triangles in panel a is also shown. Panel c: reconstructed CME Mach number. The locations of the type II split-lanes are superposed. The LOS is indicated bythe purple line.
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Dynamic spectrum (from the beam reported with the filled blue circle in Fig. 1) of a type II radio burst recorded on 2013 October 26 at 9:30 UT, showing fundamental (F) and harmonic (H) components, both split into two lanes. The spectrum was obtained with the LOFAR Superterp LBA antennas. The decrease in sensitivity below 29 MHz is due to the filter for the HF band.
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Panel a: dynamic spectrum of the type II radio burst observed on 2013 Oct 26; the harmonic emission is visible from 70 to ~30 MHz. The specific times and frequencies at which the location of the radio source is calculated are indicated with coloured triangles. Panel b: running-difference image of the CME observed with SOHO/LASCO (09:36−09:24 UT) with superposed contours of the radio sources (80%, 90%, and 95%) using the same colour code as for the triangles in panel a.
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Panel a: running-difference image of the CME observed with LASCO C2 at 09:24 UT. The superposed red crosses represents the manually selected CME front used to fit the ellipsoid. Panel b: same image as panel a at 10:00 UT. Panel c: resulting projected ellipsoid surface with the related red crosses extracted from the CME running-difference image at 09:25 UT, and at 10:00 UT in panel d.
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Panel a: running-difference image with superposed contour of the type II harmonic emission at 50 MHz at 09:32:58 UT and thecentroid of the position of the radio sources from 70 to 50 MHz from 09:31:10 UT to 09:32:58 (reported in Fig. 3b). Panel b: CME 3D speed surface reconstruction from multi-viewpoint observations; the radio source centroid is indicated with the pink circle.
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3D reconstruction of the coronal ambient parameters. Panel a: CME speed, panel b: magnetic field orientation with respectto the perpendicular direction to the CME front, and panel c: fast magnetosonic Mach number. The LOS is indicated with the purple arrow, and the radio source centroid is shown with the red circle. The modelled CME front is reported at 09:36 UT in all panels.
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Panel a: dynamic spectrum of the type II radio burst observed on 2013 Oct 26, showing band-splitting in both the fundamental (F and Fa) and the harmonic lanes (H and Ha) and a series of multi-lanes (indicated by the black arrows). The second harmonic emission can also be seen and is marked with 2Ha. The location of the radio sources for the two split-lanes resolved for 50 and 65 MHz at 09:31:30 UT are indicated in the dynamic spectrum by the brown and yellow triangles, respectively. The second harmonic of the type II radio burst is indicated at 75 MHzwith the blue triangle. Panel b: running-difference image of the CME observed with SOHO/LASCO (09:36−09:24 UT) with superposed contours of the radio sources (80%, 90%, and 95%) of the two split lanes H and Ha at 09:31:30 UT. The source location of the second harmonic at 09:32:45 using the colour code of the triangles in panel a is also shown. Panel c: reconstructed CME Mach number. The locations of the type II split-lanes are superposed. The LOS is indicated bythe purple line.
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