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Abstract

Active region NOAA 11158 produced many flares during its disk passage. At least two of these flares can be considered as homol-
ogous: the C6.6 flare at 06:51 UT and C9.4 flare at 12:41 UT on February 14, 2011. Both flares occurred at the same location (eastern
edge of the active region) and have a similar decay of the GOES soft X-ray light curve. The associated coronal mass ejections (CMEs)
were slow (334 and 337 km/s) and of similar apparent widths (43° and 44°), but they had different radio signatures. The second event was
associated with a metric type II burst while the first one was not. The COR1 coronagraphs on board the STEREO spacecraft clearly
show that the second CME propagated into the preceding CME that occurred 50 min before. These observations suggest that
CME-CME interaction might be a key process in exciting the type II radio emission by slow CMEs.

© 2014 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Solar flares that occur at the same locations in the same
active region within a certain time interval are called
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recurrent flares. When the observed properties have many
similarities in space and time, they are called homologous
flares (Gaizauskas, 1982; Gaizauskas and gvestka, 1987).
The homologous flares and the associated coronal mass
ejections (CMEs) have been investigated to understand
the energy buildup, the triggering mechanism, and the
flare-CME relationship (e.g., Machado, 1985; Nitta and
Hudson, 2001; Zhang and Wang, 2002; Moon et al.,
2003; Chandra et al., 2011).
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There is a general consensus that type II radio bursts are
a signature of shock waves propagating away from the Sun
(Uchida, 1960; Nelson and Melrose, 1985; Gopalswamy
et al., 2005). It has been established that shocks driven
by CMEs are responsible for interplanetary type II bursts
observed at decameter-hectometric (DH) wavelengths
(Gopalswamy et al., 2001a) and kilometric wavelengths
(Cane et al., 1987). However, the drivers of shocks associ-
ated with the metric (or coronal) type II radio bursts is still
controversial: CME-driven shocks as in IP type II bursts
(Cliver et al., 1999; Gopalswamy et al., 2009a; Cho et al.,
2011) and flare blast waves (Vrsnak et al., 1995; Khan
and Aurass, 2002; Magdaleni¢ et al., 2008) are the two
possibilities.

Recent observations using the Solar TErrestrial REla-
tions Observatory (STEREO) seem to indicate that even
the coronal type II bursts are due to CMEs though there
is a controversy over which part of the CMEs drive the
shock, i.e., the CME nose (e.g., Gopalswamy et al.,
2009a) or the CME flank (e.g., Liu et al., 2009). In order
to shed additional light on this issue, we investigated the
metric type Il burst that was associated with an eruption
in Active Region (AR) 11158. On 2011 February 14, seven
eruptions occurred in AR 11158. Table 1 summarizes the 7
eruptions that occurred on February 14, 2011. At least two
of them were homologous. The two eruptions were associ-
ated with C-class flares on the solar disk (labeled 1 and 2 in
Table 1). The second C-class flare was associated with a
metric type II radio burst and a slow CME. Six hours
before the burst, the first C-class eruption occurred in
AR 11158 but it did not produce a metric type II burst.
The two eruptions had many similarities, but the occur-
rence of the metric type II burst was conspicuously differ-
ent. In this paper we compare and contrast these two
homologous flare-CME events.

2. Radio bursts

The homologous eruptions occurred at ~7 UT and
~13 UT on February 14, 2012. The San Vito Solar Obser-
vatory of the Radio Solar Telescope Network (RSTN)
observed both events at the frequency range from
25MHz to 180 MHz. The detection threshold of radio
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emissions is always an issue when we investigate solar erup-
tions lacking the radio emissions. Fortunately, the detec-
tion issue is minimized because the same instrument was
observing during both events. In the following, the flare—
CME event accompanied by the type II burst is referred
to as radio-loud (RL), while the one lacking a type II is
termed radio-quiet (RQ).

Fig. 1f is the radio dynamic spectrum for the second
event. The white curve in the plots shows the soft X-ray
flare intensity profile in the GOES long-wavelength band
(1-8 A) for reference. The second event was associated with
a clear metric type II burst observed from 13:00 UT to
13:13 UT. Therefore this is a RL event.

Fig. 1a shows that no clear type II burst was associated
with the first event. The radio emission at ~80 MHz at
07:06 UT (indicated by “?”) shows a short-duration feature
which appears to drift in frequency. This feature could be a
type II burst, a combination of type III bursts, or some-
thing else. The type II association of the first event may
not be impossible. However we treat the first event as a
RQ because the possible type II signature is so weak and
uncertain compared to the second event.

3. Flares

In order to investigate the flare properties of the homol-
ogous events, we used EUV images obtained by the Atmo-
spheric Imaging Assembly (AIA; Lemen et al., 2012) on
board the Solar Dynamics Observatory (SDO; Pesnell
et al., 2012). The magnetograms obtained by the Helioseis-
mic and Magnetic Imager (HMI; Scherrer et al., 2012) on
SDO were also used to investigate the magnetic configura-
tion of AR 11158. Composite images of the HMI magneto-
grams and AIA 94 A EUV images have been created to
investigate the flare location with respect to the AR mag-
netic field configuration. Fig. 1b shows the composite
image corresponding to the non-flaring period. Red and
blue colors indicate positive and negative polarities of the
magnetic field, respectively. Green color indicates the
EUYV intensity at 94 A, indicating emission from a 6 MK
flare plasma.

AR 11158 was formed by two major bipoles, which
emerged almost simultaneously on February 9, 2011. Both

Table 1

Seven eruptive events on 2011 Feb 14.

Label X-ray flare EUV wave CME Type 11
Time Intensity Location Time Speed” Time Speed®

- 02:35 Cl.6 S21E04 02:42 523 02:55 264 No

1P 04:29 C8.3 S20W01 04:44 ~500 04:55 312 No

1 06:51 C6.6 S21E02 06:56 632 07:05 334 No

2P 11:51 Cl.7 S21Wo01 12:14 ~500 12:15 273 No

2 12:41 C94 S21W02 12:50 661 13:05 337 Yes

- 17:20 M2.2 S20W04 17:28 800 17:35 507 Yes

- 19:23 C6.6 S20W05 19:31 495 19:45 355 No

& EUV wave speed in km/s.
® CME speed in km/s.
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Fig. 1. (a,f) Radio dynamic spectrum observed by the San Vito Solar Observatory of the Radio Solar Telescope Network (RSTN). The observed
frequency range is from 25 to 180 MHz. The white curve shows the GOES X-ray intensity in the long-wavelength band. The peak X-ray intensity was C6.6
for the first flare (FLR 1) and C9.4 for the second flare (FLR2). (b—e, g-j) Magnetogram images observed by SDO/HMI. Red and blue colors correspond
to positive and negative polarities. The overlaid green images were the SDO/AIA 94 A observations, indicating the location of FLR1 and FLR2.

of the bipoles developed quickly, and the positive polarity
of the SE bipole and the negative polarity of the NW bipole
were attached on February 11 and formed the main neutral
line of this AR. Many M- and X-class flares occurred at
this main neutral line, but the homologous flares occurred
at different neutral lines marked “A” and “B” in Fig. 1b.
The X-ray flare of the first event (FLR1) started at
06:51 UT. The white curve in Fig. la shows the soft X-
ray intensity profile in the GOES 1-8 A band. Before
FLR1, the X-ray intensity level was C1.2. FLR1 reached
the maximum intensity of C6.6 level at 06:58 UT. The flare
location was S21E02. The decay of FLR1 can be divided
into two phases. The first one is the quick decay just after

the peak. The X-ray intensity decreased to the half maxi-
mum in 5 min. The second one is the long decay after
07:05 UT to the end of the flare. The X-ray intensity
returned to the pre-flare level at around 07:40 UT
(~42 min after the peak).

Fig. 1c is the AIA/HMI image taken at the peak time of
FLR1, showing the flare kernel located at site-A. This flare
kernel was compact (~2500 km) and short-lived (~12 min).
Another part of the AR flared as the brightest location in
the ATA 94 A images shifted to site-B during the decay
phase (Fig. 1d and e).

The second flare (FLR2) started at 12:40 UT. The
GOES X-ray curve shows two peaks at 12:46 UT and
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12:53 UT with intensity levels at C7.2 and C9.4, respec-
tively. Fig. 1g and h are the SDO/HMI-AIA composite
images obtained at the times of the two peaks, showing
that the AR brightened at the same location during the
two peaks. The same location also brightened at the max-
imum of FLRI.

FLR2 also has a decay phase similar to that of FLRI1.
The X-ray intensity decreased to the half maximum in
6 min followed by a slow decrease beyond 13:00 UT. The
X-ray intensity returned to the pre-flare level at around
13:45 UT (~52 min after the peak). During the decay phase
another part of the AR became excited as the brightest
location in the AIA 94 A images is seen to shift to site-B
(Fig. 11 and j).

The properties of FLR1 and FLR2 were very similar.
Both flares were of C-class and the peak intensity of
FLR2 was only 42% greater than that of FLR1 (C6.6 for
FLR1 and C9.4 for FLR2). The brightest location at the
flare peak was at site-A (see Fig. 1b) for both events. The
flare plasmas at this location were short-lived. The X-ray
intensity decayed to the half maximum in 5-6 min. On
the other hand, the flare plasmas at site-B (see Fig. 1b) were
long-lived. It took 40-50 min for the X-ray intensity to
return to the pre-flare background level. One notable differ-
ence was that FLR2 had a double peak shown in the GOES
X-ray light-curve while FLR1 had a single peak.

4. EUV waves

Both the first and second event were associated with
EUV waves (EWAV1 for the RQ and EWAV2 for the
RL events). Fig. 2 shows AIA 193 A images for EWAVI
(top panels) and EWAV2 (bottom panels). Panels b—e
and g—j are running difference images to show the propaga-

Radio-Quiet

Radio-Loud

tion of the EUV waves. Both EUV waves originated from
the site-A in AR 11158. Initially the wave fronts propa-
gated only within a 90 degree cone opening toward NE
(Fig. 2b and g) and spread to east and west (Fig. 2d
and i). The speed of the eastern fronts was 632 km/s for
EWAV1 and 661 km/s for EWAV2. The projection effects
were corrected assuming that the wave fronts seen in Fig. 2
were located on the solar surface. These speeds are consis-
tent with results of Nitta et al. (2013) who investigated 171
EUYV waves. There was no significant difference in the EUV
wave speeds between the RQ and RL event.

One notable difference was the brightness of the EUV
wave front. Fig. 2b and g are the images taken at the peak
time of the X-rays. At this time, EWAV1 (Fig. 2b) had
clear and sharp front compared to the EWAV2 (Fig. 2g).
The front of the EWAV2 became clear and was visible at
the time of the type II burst (13:00 UT; 7 min after the flare
peak). EWAVI1 started to fade after the flare peak
(Fig. 2b). Nine minutes after the flare peak (Fig. 2e), it is
hard to identify the wave front in individual frames, but
they can be seen in a movie.

5. Coronal mass ejections

The CMEs were observed in white-light by the inner
coronagraph (COR1) of the Sun Earth Connection Coro-
nal and Heliospheric Investigation (SECCHI; Howard
et al., 2008) instrument onboard STEREO (Kaiser et al.,
2008). The STEREO Ahead (STA) and Behind (STB)
spacecraft were located 87° ahead and 94° behind of the
Sun—Earth line, so the CMEs were observed from the side,
i.e., the projection effects were minimized.

Fig. 3 shows white-light coronagraph images superim-
posed with EUVI 195 A images. The CME associated with

(g) 12:53 (h) 12:56 (j) 13:02

Fig. 2. SDO/AIA 193 A images showing the EUV waves associated with the radio-quiet (EWAV1) and radio-loud event (EWAV2). Panels (b—e) and (g-j)
are the running difference images. The field-of-view is 1200” x 1200” and the grid lines in panels (a) and (f) are drawn in 15° intervals. Both waves
originated from the north-eastern edge of AR11158, propagated away from the AR initially (panels b and g), and expanded globally (panels d and i). The
propagation speeds were 632 km/s for EWAVEI and 661 km/s for EWAV2.

(i) 12:59
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Radio-Quiet

(a) 06:45

(b) 06:55

Radio-Loud

(f) 12:35

(9) 12:45

(h) 12:55

(d) 07:15

(i) 13:05 (i) 13:15

Fig. 3. White-light images observed by the COR1 coronagraph on STEREO-A superimposed with the EUV images observed by the EUVI telescope for
the radio-quiet (top) and radio-loud event (bottom). The outer boundary corresponds to 5 Rs. The radio-loud CME (CME2) propagated into the
aftermath of the preceding CME (CME2P) indicated by the yellow circles. The preceding CME (CMEIP) of the radio-quiet CME (CME]) is unseen

because it occurred 2 h before CME].

the first event (CME1) appeared in the STA/CORI1 field of
view at 07:05 UT. The position angle of CMEI, measured
counterclockwise from the north in degrees, was 93°. The
CME material extended from 67° to 110°, giving an
apparent width of ~43° The vertical black-and-white
feature observed to the south of CMEI is a streamer deflec-
tion caused by the CME (Hundhausen, 1987; Sheeley et al.,
2000). The CME associated with the second event (CME2)
appeared at 13:05 UT (Fig. 31), with its material extending
from position angles 68° to 112° at 13:15 UT (Fig. 3j),
hence its apparent width was 44°.

We carried out the height-time measurements for
CMEI and CME2 (see Fig. 4). The CME heights are
defined as distances from the center of the Sun to the nose
of the CMEs. The average speeds in the CORI1 field-of-
view were 334 and 337 km/s, and both CMEs show decel-
eration. The second-order polynomial fit to the height—time
data gives us acceleration of —74 and —35 m/s* for CME1
and CME2, respectively. The initial speeds derived from
the first two measurements were 483 and 471 km/s.

The CME properties were very similar in the RQ and
RL event. The CME speeds were 334 km/s for CME1
(RQ event) and 337 km/s for CME2 (RL event). As we
can see in Fig. 3e and j, the shape of both CMEs was also
very similar. The apparent widths were 43° for the CMEI

and 44° for CME2. We note that both CME1 and CME2
were less energetic compared to the average CMEs
(Yashiro et al., 2004; Gopalswamy et al., 2009b).

5.1. CME-CME interaction

There was no significant difference between the proper-
ties of CMEI and CME2, but the white-light coronagraph
data indicate a major difference: CME1 propagated into
the normal corona while CME2 propagated into the after-
math of a preceding CME (CME2P). Fig. 3f-i show
CME2P marked by yellow circles. CME2P extended from
63° to 108° and it was widely overlapping with CME2.

The speed of CME2P was 273 km/s, so CME2 caught
up with it. At 12:55 UT (Fig. 3h), the nose of CME2P
was located at 2.5 Rs. A base difference image, which was
obtained by subtracting the intensity of the pre-CME cor-
ona, shows that the material of CME2P extended down to
the inner edge of the COR1 FOV (1.5 Rs). Therefore, the
thickness of CME2P was at least 1 Rs. The gray shadow
under the CME2P height-time plot in Fig. 4b represents
the thickness of CME2P. We assume that the thickness
was constant of 1 Rs. With this assumption, the first-order
polynomial fit to the height-time data suggests that the
CME-CME interaction started at 13:03:19 UT, which is
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Fig. 4. CME height-time plots (diamonds) and GOES X-ray light curves
for the (a) radio-quiet and (b) radio-loud event. The duration of the metric
type II radio burst is indicated by the dashed lines. All flares noted in the
plots occurred at the same location in AR 11158. The CME heights are
measured from the center of the Sun in solar radii (Rs), i.e., the solar limb
corresponds to 1 Rs. The shadows under CME1P and CME2P represent
their thickness, showing that CME2 propagated into CME2P around the
onset of type II burst.

close to the start time of the type II (13:00 UT). If we apply
the second-order polynomial fit, we obtain 13:03:56 UT.
The start time of the CME-CME interaction would be
earlier because the CME2P could be thicker than 1 Rs in
reality.

CMEI! also had a preceding CME (CMEIP) erupting
from the same region. CMEIP was associated with a C8.3
flare that started at 04:29 UT (marked as FLRIP in
Fig. 4). The speed of CMEIP was 312 km/s. The measured
thickness of CMEI1P was approximately 1.3 Rs at 05:45 UT.
As we see in Fig. 4a, the height-time plot of CME1 does not
cross the gray bar of CME1P. Even if we assume the CME
thickness to be double (2.6 Rs), CMEI could not catch up
with CMEIP. Because the speed difference was so small
and CMEIP erupted 2h before the CMEl, no CME-
CME interaction occurred in the COR1 FOV.

Fig. 3i shows that CME2 propagated into the material
of CME2P. No CME-CME interaction occurs if CMEs
are at different locations along the same light-of-sight.
CME2P was associated with a C1.7 flare (FLR2P) starting
50 min earlier than FLR2. The location of FLR2P was the
same as that of FLR2. CME2P was associated with a faint
EUV wave (EWAV2P), which originated from the eastern
edge of AR 11158 and propagated to the NE direction,
similar to EWAV2. The source region of CME2P was the
same as that of CME2. So if all CMEs erupted in the same
direction, CME-CME interaction is highly likely.

In addition to the four CMEs (CMEIP, CME],
CME2P, and CME2) we considered above, three other
CME:s erupted from the same location on the same day
at 02:55 UT, 17:35 UT, and 19:45 UT in the COR1 FOV
(see Table 1). A CME seen at 06:25 UT in the COR1 data
is not listed in Table 1 because the CME originated from
different location (S28W22). All seven CMEs originated
from disk center. Although the seven CMEs did not look
quite the same, their trajectories were similar as inferred
from the COR1 images. If the launch angle of the seven
CMEs were different, the CMEs should appear different
in the LASCO data. The two CMEs at 13:05 UT and
17:35 UT were observed by LASCO. The CME material
appeared on both east and west sides, so these two CMEs
were launched radially. For the remaining five CMEs, we
could not identify clear LASCO counterparts. It is likely
that the five CMEs erupted radially with smaller angular
extents since it is difficult to observe Earth-directed CMEs
owing to the nature of the coronagraph observations
(Yashiro et al., 2005). Therefore, we did not find any indi-
cation that any of the five CMEs erupted non-radially. It is
reasonable to assume that all CMEs erupted to the same
direction.

6. Discussion and conclusions

Gopalswamy et al. (2001c) discovered that interplane-
tary type II radio emission was enhanced by the CME-
CME interaction. Using radio direction finding techniques,
Martinez-Oliveros et al. (2012) confirmed that the source
position of the interplanetary type Il radio emission on
2010 August 1 was in good agreement with the CME-
CME interaction region. Gopalswamy et al. (2002)
reported an interplanetary type II radio burst that was
solely attributable to a CME-CME interaction. Our find-
ing is similar to this case but it happened closer to the
Sun in the metric corona.

MHD shock waves form when the CME speed exceeds
the Alfvén speed of the medium. Gopalswamy et al.
(2001b, 2012) suggested that Alfvén speed profile as a func-
tion of the heliocentric distance has a local minimum
(~375 km/s) at around 1.5 Rs. Around this region, shocks
can be formed easily. The metric type II bursts typically
start when CMEs reach this height (Gopalswamy et al.,
2009a, 2013). In our case the type II radio emission started
when the CME reached 1.74 Rs. The speed around this
height was 483 km/s for the RQ and 471 km/s for the RL
CMEs. Both CMEs had enough speed to produce a shock
but their radio properties were different. The material of
the preceding CME might have changed the local mini-
mum of the Alfvén speed profile to be deeper compared
to the normal corona. Although the CME speeds were very
similar in the RQ and RL events, the Alfvén Mach number
might have been different due to the preceding CME.

Wagner and MacQueen (1983) proposed that metric
type II radio emission occurs when flare blast waves over-
take the preceding CME. Our result might support their
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idea, but the flare blast wave was not seen in the CORI1
data so it is unclear when the flare blast wave overtook
the preceding CME. The strong type II radio emission
occurred when the primary CME started catching up with
the preceding CME (see Fig. 3i and Fig. 4b). This observa-
tion supports the CME-CME interaction scenario.

Another possibility is that type II radio bursts are pro-
duced by the CME-streamer interaction. The streamer
deflection is a signature of (shock) waves driven by a
CME (Hundhausen, 1987; Sheeley et al., 2000). Liu et al.
(2009) reported that the metric type II burst and streamer
deflection associated with 2007 December 31 CME
occurred simultaneously. They concluded that the streamer
deflection that occurred at the flank of the CME was the
source of the type II radio burst. In our case a streamer
defection associated with the RL event was first observed
at 13:05 UT which was close to time of the strong type II
emission (~13:04 UT; see Fig. 1f). The observation is con-
sistent with the CM E—streamer interaction scenario. On the
other hand, the RQ CME also caused a streamer deflection
(Fig. 3e). Obviously a streamer deflection by itself is not a
necessary condition to excite a type II radio burst. It should
be noted that a streamer deflection occurred in association
with the CME that preceded the RL CME (Fig. 3f). The
preceding CME might have changed the condition of the
streamer to enhance the shock driven by the RL CME.

We investigated two homologous eruptions, one accom-
panied by a type II radio burst and the other not. Since the
homologous events occurred just 6 h apart, the magnetic
field environment around the flare site can be thought to
be the same during the two eruptions. The homologous
eruptions had many similarities, e.g., the flare location
within the active region (Fig. 1b-d and g—j), the peak X-
ray intensity, the X-ray light curve (Fig. la and f), EUV
wave speed (Fig. 2), the CME apparent width (Fig. 3)
and CME apparent speed (Fig. 4). We did not find signif-
icant differences in the usual parameters that characterize
flares and CMEs. We did find a major difference in the
coronal environment into which the CMEs were ejected.
The RL event had a preceding CME that erupted 50 min
earlier while the RQ event did not have one in such quick
succession. Therefore, we conclude that preconditioning
must be a key aspect as to why the homologous events
had different radio properties.
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