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Abstract The November 1st, 2014 prominence eruption
(associated with a C2.7 class flare) resulted in a fast, partial-
halo Coronal Mass Ejection (CME). During its early prop-
agation, the CME produced a type II radio burst (seen by
the Bruny Island Radio Spectrometer) starting around 04:57
UT when the front entered into the LASCO/C2 field of view
(FOV) and the top of the CME front was at the heliocen-
tric distance of about 2.5 R�. In order to identify the source
of the type II radio burst, we studied the kinematic of the
eruption with EUV images acquired by SDO/AIA. Profiles
of the observed EUV front speed have been compared with
the Alfvén speed profiles derived by combining the plasma
electron densities obtained from Emission Measure analysis
and model magnetic fields extrapolated on the plane of the
sky. Our results show that the northern half of the front be-
came super-Alfvénic at approximately the same time when
the type-II radio burst started. A comparison between the
starting frequency of the type II emission and the frequen-
cies corresponding to the coronal densities of the locations
where the EUV front became super-Alfvénic suggests that
the radio sources should be located in the northern flank of
the front.
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1 Introduction

Coronal Mass Ejections (CMEs) can be defined as ex-
pulsions of huge quantities of chromospheric and coronal
plasma propagating from the Sun into the heliosphere. They
are associated with various solar phenomena (e.g., flares,
eruptive prominences, shocks, EUV waves), although inter-
relationships among them are not fully understood as yet.

The early evolution of CMEs is often impulsive and
their expansion can occur at quite large velocities (up to
2000 km s−1, Gopalswamy et al. 2014). If a CME is faster
than the magnetosonic speed of the ambient medium, it can
drive a shock where the electrons can be accelerated to near-
relativistic energies to produce type II radio emission in low-
frequency dynamic spectra (Mancuso and Raymond 2004;
Vršnak and Cliver 2008; Carley et al. 2013).

Over the last decades a great deal of information on the
shock speed and the density compression ratio across the
shock can be also derived from White Light (WL) corona-
graphic data (Vourlidas et al. 2003; Ontiveros and Vourlidas
2009; Bemporad and Mancuso 2011).

CMEs and associated shocks can be recognized in WL
images as bright emission feature outwardly expanding into
the interplanetary space with their lower part connected to
the Sun. This kind of data will be used in a further develop-
ment of this work.

Over the last few years full-disk observations in the EUV
using the Atmospheric Imaging Assembly (AIA) instrument
(Lemen et al. 2012) onboard the Solar Dynamics Observa-
tory (SDO) have allowed to study low coronal evolution of
these events thanks to its high cadence, sensitivity and spa-
tial resolution. In particular, the 193 Å and 211 Å bands
of AIA usually provide better contrast for the detection of
shock waves in the lower corona, and images acquired with
these filters have already been used in many previous similar
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Fig. 1 SDO/AIA images of prominence eruption at 04:27–05:07 UT with 211 Å (Fe XIV) bandpass filter

studies (e.g. Zucca et al. 2014; Kouloumvakos et al. 2014;
Kozarev et al. 2011).

When simultaneous radioheliograph observations are not
available, it is possible to relate the emission of type II radio
bursts to their heights with respect to the surface of the Sun
but, in order to do that, it is necessary to provide a reliable
estimate of the coronal electron density and Alfvén speed of
the local corona. Empirical coronal electron-density models,
derived with different techniques, have been often used in
the literature to infer the shock height and kinematics from
type II radio spectra, and, in turn, to study the CME kinemat-
ics, such as those provided by Newkirk (1961), Saito et al.
(1977) and Mann et al. (1999). The use of these reference
density models has the advantage that results obtained by
authors for different events can be directly compared to each
other. Unfortunately, however, they probably do not repre-
sent the actual density through which the eruption passes.

An alternative method to derive the CME/shock kinemat-
ics can be directly inferred from sequences of EUV and WL
observations of off-limb CME events. The CME speed can
be thus compared with the Alfvén speed in order to deter-
mine the time and altitude where the expanding EUV front
becomes super-Alfvénic; this can be done once the electron
density for the actual corona being crossed by the eruption
is derived and by assuming values for the extrapolated coro-
nal magnetic field. In what follows, we describe the Novem-
ber 1st, 2014 eruption and the analysis technique applied to
SDO/AIA data together with our results.

2 Observations

On 2014 November 1st, a prominence eruption was ob-
served by the multi-filter AIA instrument. Figure 1 shows
three consecutive images acquired with the 211 Å (Fe XIV)
bandpass filter. The eruption was associated with a long du-
ration C2.7 class flare starting around 04:44 UT and ending
at 07:05 UT as observed by the GOES-15 satellite originat-
ing in the source region located at 22◦S and 52◦E (Fig. 2),

Fig. 2 GOES-15 soft X-ray flux measured on 2001 November 14. The
flare onset is around 04:44 UT

Fig. 3 Radio dynamic spectrum of the type II radio burst recorded
by the BIRS station. The slowly drifting features starting at about
04:57 UT mark the presence of a coronal shock moving upwards in
the corona through a decreasing density

not classified by NOAA. This was a ‘spotless’ flare (a flare
occurring far from any active sunspot region) and resulted
in a fast (leading edge speed of ∼ 1600 km s−1), partial-
halo (angular width of ∼ 160◦) CME. The eruption was
associated with a type II radio burst (Fig. 3) as detected
by the Bruny Island Radio Spectrometer (BIRS) (Erickson
1997), starting around 04:57 UT, when the CME leading
edge entered into LASCO/C2 field of view (FOV) above
2.2 R�. The fundamental harmonic was calculated from the
radio burst trace (assuming that the emission observed by
BIRS is from the second harmonic), with starting frequen-
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cies of ∼ 37 MHz (∼ 74 MHz for the second harmonic). In
what follows these frequencies will be compared with the
coronal plasma frequencies encountered by the expanding
EUV front, and the front speeds will be compared with local
Alfvén speeds at different inclination angles, in order to de-
rive information on the possible location of the radio burst
emission.

3 Method and data analysis

3.1 Pre-CME electron density

In order to identify the coronal regions where the front speed
exceeded the local Alfvén speed, our first step is the deriva-
tion of pre-CME coronal electron density ne on the plane of
the sky (POS). This was obtained by using the method devel-
oped by Aschwanden et al. (2013) in which the Differential
Emission Measure (DEM), representing the amount of the
emitting material as a function of coronal plasma temper-
ature along the line of sight (LOS), is calculated by using
six SDO/AIA filter images (94-131-171-194-211-335 Å).
The authors assumed Gaussian profiles as representations
of the DEM, which is characterized by Emission Measure
(EM), Temperature T and the logarithmic Gaussian temper-
ature width σ in each pixel position. By integrating the DEM
curves pixel by pixel over the range of temperatures covered
by SDO/AIA filters (0.5–20 MK), the Emission Measure is
obtained as a function of heliocentric distance r and lati-
tude φ:

EM(r,φ) =
∫

dEM(r,φ,T )

dT
dT

[
cm−5] (1)

that can be written as

EM(r,φ) �
∫

n2
eds

[
cm−5] (2)

Knowing the extension along the LOS of the plasma emis-
sion region, s(r), and inverting Eq. (2), the electron density
can be obtained as

ne(r,φ) �
√

EM(r,φ)

s(r)

[
cm−3] (3)

We calculated the effective LOS path length in the same way
used in the study of stellar atmospheres (Menzel 1936):

s ∼ (Hπr)1/2 [cm], H = kBT

μmpg
[cm] (4)

where H is the hydrostatic scale height, T is the coronal
temperature (equal for protons and electrons, by assum-
ing thermal equilibrium), kB is the Boltzmann’s constant,
μ = 0.61 is the mean molecular weight and g is the gravita-
tional acceleration at the solar surface; we chose a constant
value T = 2 ·106 K as typical coronal temperature (as previ-
ously done also by Zucca et al. 2014). The electron density

Fig. 4 2D map of the electron-density in the region of interest involved
in the early CME propagation at 03:34 UT. The white lines represent
the directions selected to study the eruption

has been derived by analysing a sequence of AIA frames ac-
quired at 03:34 UT, before the beginning of the prominence
rising phase. Figure 4 shows the electron-density 2D map of
the region of interest considered in this work.

3.2 Pre-CME magnetic fields

The second step for estimating the Alfvén speed of the am-
bient corona is the determination of coronal magnetic fields.

As of now, magnetic fields cannot be measured di-
rectly in the solar corona, hence we used a numerical
model based on polytropic magnetohydrodynamic (MHD)
simulations elaborated by the Predictive Science group
(http://www.predsci.com/hmi/data_access.php) to predict
the state of the corona.

The heliocentric distance range covered by the simulation
goes from 1 to 30 R�.

The main steps that are necessary to build up this model
are the following:

– The photospheric magnetic field data during the time of
interest are used to specify the boundary condition on the
radial magnetic field;

– The measured photospheric magnetic field, together with
an assumed uniform density and temperature at the pho-
tosphere, is used to solve the steady state MHD equations
in the corona;

– The three-dimensional simulation is finally carried out.

The extrapolation used in this work was provided for the
Carrington Rotation CR2156 (starting on October 15, 2014).
The computed magnetic field, given in spherical coordi-
nates, was converted into Cartesian coordinates and ex-
tracted on the POS, as viewed from the Earth on November
1st 2014 at 04:00 UT.

http://www.predsci.com/hmi/data_access.php
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3.3 Pre-CME Alfvén speed

Once the pre-CME coronal density and the magnetic field
are known, the Alfvén speed vA (i.e., the propagation speed
of incompressible plasma waves parallel to the magnetic
field) can be calculated as:

vA = 10−5 · B√
4πnμmH

[
km s−1] (5)

where B (Gauss) is the magnitude of magnetic field, mH (g)
is the hydrogen mass and n ∼ 1.92 ·ne (cm−3) is the plasma
number density. To calculate the Alfvén speed, we used the
electron density derived before the event at 03:34 UT, in or-
der to be sure that the prominence had not erupted yet. In
fact, the aim of this analysis is to derive the pre-CME Alfvén
speed in the coronal region that is crossed later on by the ex-
panding CME.

3.4 CME distance-time profiles

The EUV front associated with the CME and observed in the
low corona with SDO/AIA is the most probable candidate
for the excitation of the type II radio burst recorded by the
BIRS radio spectrometer, starting around 04:57 UT.

In order to study the kinematics of the EUV expanding
front, we used distance-time plots obtained from the 211 Å
images to built off-limb distance-time plots for each differ-
ent direction of the expanding EUV wave as a function of
the distance d from the origin of the prominence eruption
on the limb (as shown in Fig. 1 and Fig. 4). We extracted
17 distance-time profiles inclined at 17 different angles with
respect to direction of expansion (as seen in all images ac-
quired by SDO/AIA), going from −90◦ to +75◦ measured
counter-clockwise.

In order to measure the speed of the EUV front, the
highest expanding structure visible in EUV images was se-
lected for every angular direction and followed over differ-
ent frames in the distance-time plots. Two examples of these
plots (angles of −10◦ and 0◦) are given in Fig. 5, where
the red points represent the location of the expanding EUV
front. The distance-time profiles of the EUV front were then
fitted with a first-order polynomial (representing the slow
rising phase) followed by a second-order polynomial (rep-
resenting the impulsive acceleration phase). The parameters
obtained from the fit provide the speed vEUV of the EUV
front during its expansion. The uncertainties on the observed
speeds were derived from the propagation of measure er-
rors. In particular, we assumed an uncertainty of ±10 pix-
els in the determination of the distance d , as a consequence
of the visual inspection of AIA data necessary to track the
CME features. From the fitting procedure we then obtained
the 1σ errors on the fit parameters that were used to derive
upper and lower limits for the front speed. The expansion
speed resulting from the fit has been compared at different

Fig. 5 The distance-time plot at −10◦ and 0◦ (see Fig. 4 for the ori-
entation). To reconstruct the kinematic evolution of the EUV front
we used a second order polynomial fit for the last ten points selected
(right-side of plot)

times and distances with the local Alfvén speed in order to
identify the locations where the EUV front became super-
Alfvénic (vEUV > vA); this was done by extrapolating the
fitting curves beyond the outer limit of the AIA FOV when
necessary. The uncertainties on the these locations were es-
timated considering the upper and lower limit curves for the
front speed, as mentioned above.

4 Results

4.1 Comparison between front and Alfvén speeds
at fixed distance

To study the geometry of the expanding front and investi-
gate whether the expansion is spherically symmetric or not,
we chose a fixed distance d = 0.5 R� from the origin of
the prominence eruption on the limb for all different orien-
tations sampled in our analysis. This is interesting because,
the occurrence of an asymmetric expansion could indicate
where the EUV front will expand faster, more likely exciting
type-II radio bursts and maybe accelerating particles. Sim-
ilar asymmetries have been found in EUV images of early



Study of a CME-driven shock in EUV Page 5 of 8 194

Table 1 The EUV front speed and the Alfvén speed measured at
0.5 R� from the origin of the eruption obtained at different considered
directions (see Fig. 4)

Angle (deg) Speed (km s−1) Alfvén Speed (km s−1)

−75 151 ± 9 260

−60 137 ± 15 237

−45 108 ± 13 271

−30 132 ± 8 338

−15 117 ± 10 361

−10 142 ± 8 347

−5 192 ± 12 350

0 185 ± 12 382

5 192 ± 13 394

10 188 ± 13 397

15 235 ± 10 405

20 246 ± 9 424

30 251 ± 11 414

solar eruption expansion phases for instance by Aparna and
Tripathi (2016) and Zheng et al. (2011).

The corresponding front speeds are provided in Table 1.
This reference distance was the largest in the SDO/AIA
FOV for which we have measured values at all inclination
angles. Note that we excluded radial profiles at inclination
angles where it was not possible to follow the expanding
front due the absence of an evident EUV signature. The
Alfvén speed values extrapolated from the 2D maps (ob-
tained as explained in Sect. 3.3) at 0.5 R� along the same
directions (see Sect. 3.3) are listed in the third column of
Table 1 and are compared with the speeds derived from the
observations.

As seen from Table 1, at the considered off-limb distance,
the speed of the EUV front does not exceeds the Alfvén
speed along the selected directions.

4.2 Comparison between front and Alfvén speed
profiles

Since the EUV did not appear to become super-Alfvénic
within the AIA FOV, we examined the evolution at larger
distances by extrapolating the expansion speed curves (us-
ing the parameters derived from the second-order polyno-
mial fit, see Sect. 3.4), and comparing them with the Alfvén
speed profiles.

We calculated the Alfvén speed using the magnetic field
values for the total magnetic field magnitude provided
by Predictive Science and electron-density 2D maps (see
Sects. 3.1 and 3.2). To this end, we fitted the unidimensional

Fig. 6 Electron-density profiles (dots) observed at different inclination
angles, as indicated in the legend, and the corresponding fitting curves
(solid lines) reported vs. the distance from the centre of the prominence
eruption

Fig. 7 Example: the Alfvén speed and front speed profiles observed at
angles −10◦ and 0◦. X axis shows the distance from the origin of the
prominence eruption on the limb

profile of the electron-density using a power law function
with two parameters:

ne(d) = A

( d
R� )B

, d = distance (km) (6)
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Table 2 The table shows
orientation angles, distances,
times, plasma electron densities
ne and corresponding
frequencies for the first (ν1st)
and second (ν2nd) harmonics at
locations where front speed
exceeds Alfvén speed

Angle (deg) Distance (R�) Time (UT) ne (cm−3) ν1st (MHz) ν2nd (MHz)

−75 0.61 ± 0.01 05 : 02 ± 13 2.00 × 107 40.13 80.26

−60 0.65 ± 0.03 04 : 56 ± 24 9.53 × 106 27.73 55.46

−45 0.77 ± 0.05 05 : 02 ± 20 1.58 × 106 11.30 22.59

−30 0.85 ± 0.03 04 : 56 ± 12 1.14 × 106 9.57 19.15

−15 0.87 ± 0.06 05 : 01 ± 16 1.15 × 106 9.64 19.29

−10 0.83 ± 0.04 04 : 54 ± 10 1.94 × 106 12.5 25.01

−5 0.67 ± 0.03 04 : 43 ± 12 1.24 × 106 10.00 20.00

0 0.73 ± 0.03 04 : 47 ± 13 1.396 × 106 10.57 21.14

5 0.75 ± 0.04 04 : 48 ± 13 1.26 × 106 10.00 20.19

10 0.82 ± 0.05 04 : 52 ± 14 0.59 × 106 6.88 13.75

15 0.71 ± 0.02 04 : 46 ± 8 2.03 × 107 12.82 25.63

20 0.71 ± 0.02 04 : 47 ± 9 0.30 × 106 4.89 9.78

30 0.69 ± 0.02 04 : 49 ± 11 1.36 × 106 10.45 20.92

Table 3 The table shows
orientation angles, distances,
plasma electron densities ne , the
corresponding frequencies for
the first (ν1st) and second (ν2nd)
harmonics and Mach number at
the on-set time of type-II radio
burst (04:57 UT)

Angle (deg) Distance (R�) ne (cm−3) ν1st (MHz) ν2nd (MHz) Mach number

−75 0.53 ± 0.04 1.73 × 107 37.32 74.64 0.7 ± 0.04

−60 0.66 ± 0.09 8.59 × 106 26.30 52.61 1.02 ± 0.13

−45 0.69 ± 0.15 3.46 × 106 16.71 33.42 0.83 ± 0.11

−30 0.87 ± 0.08 2.40 × 106 13.91 27.83 1.05 ± 0.08

−15 0.80 ± 0.12 3.31 × 106 16.34 32.68 0.87 ± 0.09

−10 0.88 ± 0.06 4.12 × 106 18.23 36.47 1.10 ± 0.07

−5 1.09 ± 0.02 1.53 × 106 11.12 22.25 2.25 ± 0.16

0 1.00 ± 0.04 2.10 × 106 13.02 26.04 1.70 ± 0.13

5 0.99 ± 0.04 1.97 × 106 12.59 25.18 1.53 ± 0.12

10 0.95 ± 0.07 1.29 × 106 10.18 20.37 1.23 ± 0.10

15 1.09 ± 0.02 2.13 × 106 13.12 26.24 1.87 ± 0.08

20 1.07 ± 0.02 0.21 × 106 4.16 8.32 1.82 ± 0.08

30 0.96 ± 0.03 1.36 × 106 10.46 20.92 1.62 ± 0.09

Examples of the extracted density profiles along several of
the considered directions as well as the corresponding fitting
functions, are plotted in Fig. 6. We show in Fig. 7 as exam-
ple for the two directions with inclination angles of −10◦
and 0◦.

To identify the locations where the shock was excited,
we compared the local plasma frequency computed where
the EUV front became super-Alfvénic with the starting fre-
quency of type-II radio burst. The frequency ν1st has been
calculated as:

ν1st = 8980 · √ne [Hz] (7)

The results obtained are reported in Table 2 providing orien-
tation angles, distances, times, plasma electron densities ne

and corresponding frequencies for the first (ν1st) and second
(ν2nd) harmonics.

On the other hand, Table 3 provides the results obtained
at the onset time of the type-II radio burst, in particular: front

distances, electron densities, corresponding plasma frequen-
cies (for the first and second harmonics), and Mach num-
bers (ratios between the EUV front speeds and the Alfvén
speeds) at that time for different inclinations.

The locations of points where the EUV front became
super-Alfvénic at different times in the corona are shown
in the left panel of Fig. 8 (left panel). These points were su-
perposed into a PROBA2/SWAP frame (with a larger FOV
than SDO/AIA) acquired just one minute before the type II
radio burst starting time (04:57 UT). This figure suggests
that the excitation of the type II radio burst could have been
occurred, in principle, at quite different distances from the
solar surface, depending on the considered inclination angle.
Comparison between different frequencies and times listed
in Table 2 and the observed starting frequency and time of
the radio burst allowed us to identify its possible sources.

In particular, the middle panel of this figure shows that,
on average, the shock formation occurred at a distance of
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Fig. 8 Left: the yellow points (with errors bars) represent the locations
where the EUV front becomes super-Alfvénic along the different direc-
tions considered. These points have been obtained by the intersection
of extrapolated EUV front speeds and Alfvén speeds, as described in
the text (see Fig. 5). Middle: relationship between the inclination angles

and the distances from the source of the eruption at which the extrapo-
lated speeds exceed the Alfvén speed. Right: relationship between the
inclination angles and times (compared also with flare and type-II ra-
dio burst times, vertical lines) at which the extrapolated speeds exceed
the Alfvén speeds

0.75 R� from the source of the eruption and that in the
northern part of the EUV front (negative inclination angles)
the shock was likely excited at lower altitude.

Concerning the times at which the EUV front appeared
to become super-Alfvénic, the points corresponding to the
northern half (i.e., for inclination angles from −75◦ to
−15◦) seem to be systematically located around the type-
II radio burst onset time (at 04:57 UT), as it can be seen
from the time vs. angle plot shown in Fig. 8. Conversely, in
the southern part the shock seems to be excited 8 minutes
before (at 04:49 UT on average), a difference that is compa-
rable with the average uncertainties.

Another interesting result in Table 2 is obtained from
the comparison of the frequency of the first harmonic, ν1,
calculated from the extrapolated electron density consider-
ing only northern flank of the front (−75◦ and −60◦): the
mean value is 38.2 MHz, not too different with respect to
the starting frequency of the harmonic of type-II radio burst
(νburst � 37 MHz).

On the other hand, Table 2 shows that the frequency for
the first harmonic averaged over the Southern half (from
−10◦ to 30◦) of the front is much lower than νburst , thus
suggesting that this part of the front is not responsible for the
type-II radio emission. This suggests that the radio source
was most likely located northward.

The same result is also supported by Table 3, showing
that at the onset time of type-II radio burst the Northern half
of the EUV front crossed a coronal region where the local
plasma frequency was very close to the burst starting fre-
quency.

5 Discussions and conclusions

In this work we presented a study of the early propagation of
a EUV front occurred on 2014 November 1st, related with
a prominence eruption, a fast CME and a C2.7 class flare.
The presence of a type II radio burst is a clear signature of a
shock excited over the field of view of SDO/AIA. Neverthe-
less, in general, if a magnetic flux-rope is expanding faster
than the local magnetosonic or Alfvénic speeds, a shock
should form, and this is true independently on the detection
of a type II radio emission (Holman and Pesses 1983; Mann
et al. 1995). Hence, in order to determine location and time
of the shock formation, we focused on the kinematics of the
front by using images acquired with the 211 Å (Fe XIV)
bandpass filter of SDO/AIA, where the EUV features were
observed with the best contrast.

We extracted unidimensional profiles in the plane of the
sky, at different inclination angles with respect to the center
of the rising prominence, in the time range between 03:00–
05:30 UT. Then we collected all these profiles to build the
distance-time maps that we fitted to derive the expansion
speed of the EUV front. Using the estimated electron density
and the extrapolated magnetic field we calculated the Alfvén
speed along the same direction, and compared them with the
EUV front speed. Our results show that the expanding front
became super-Alfvénic in the northern half (from −75◦ to
−15◦) approximately at the same time of the type II radio
burst onset time, in contrast with the southern half (which
appeared to become super-Alfvénic about 8 minute before
the type II emission).
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Additional information could be derived from a com-
parison between the frequency of the radio emission and
the plasma frequencies computed along the front based on
the derived electron densities. In particular, the radio burst
started with a frequency νburst � 37 MHz, corresponding to
an electron density of about ne,burst � 4.3 × 106 cm−3. Our
results yield a value of 38.2 MHz averaged over the Northern
flank of the front (−75◦ and −60◦), not so bigger than the
starting frequency of type-II emission measured by BIRS.

Considering that the front is propagating at all inclina-
tion angles towards lower densities, hence towards lower
frequencies, Table 2 implies also that the southern half of the
front was crossing regions with electron-plasma frequencies
lower than the type-II starting frequency (37 MHz) already
8 minutes before, on average, the type-II burst starting time
(04:57 UT). Hence, the southern half of the front did not
cross the right frequencies, or densities, at the right time,
opposite to what happened with the northern flank of the
front.

The same result is also supported by Table 3, showing
that at the onset time of type-II radio burst the Northern half
of the EUV front crossed a coronal region where the local
plasma frequency was very close to the burst starting fre-
quency. Thus, we can conclude that the type II burst was
excited most likely along the northern flank of the front.
This is in qualitative agreement with the presence of nearby
coronal loop structures, located northward of the eruption
source region (as seen by the AIA images, Fig. 1) and of
a faint North-East coronal streamer complex (as seen by
the SOHO/LASCO-C2 coronagraph). Hence, the northward
part of the EUV front was likely interacting with denser,
nearby features in the lower corona, becoming the possible
location for the type II radio burst.
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