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Daejeon, 305-348, Republic of Korea
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Abstract—In this paper, we study the characteristics of 46
radio-loud (RL) Coronal Mass Ejections (CMEs), which occurred
during 1997-2006. All these RL. CMEs were associated with M-
and X-class flares. We selected 46 RL. CMEs, out of which 26
events (57%) were associated with Solar Energetic Particle (SEP)
events detected at 1 AU. Furthermore, we study the link between
the flare accelerated electrons in the low corona and protons
at 1 AU and found a positive correlation (30%). It suggests
the link between the injection sites for electrons and protons,
which are most likely accelerated at the flare current sheet.
We also study the relation between the CME speed and peak
proton flux (>10 MeV) at 1 AU and found a good correlation
(~60%), which suggests the proton acceleration by CME driven
shocks. In addition, we found two branches (lower and upper)
of SEP events with different characteristics. The lower branch
SEP events are associated with impulsive rise along with more
proton flux whereas the upper branch SEP events exhibit gradual
rise and less proton flux. We suggest that flares (current sheet)
and CME:s (shocks) both are involved in the particle acceleration
for the lower branch, whereas in the upper branch mostly CME
driven shocks play an important role in the particle acceleration.

I. INTRODUCTION

Radio-loud (RL) CMEs are generally associated with in-
tense radio bursts (i.e., type I, type III and type IV) . These
are fast and wide CMEs, i.e. speed >400 km s~! and width
>100°. These are often associated solar energetic particle
(SEP) events, with a proton intensity in the >10 MeV GOES
channel >10 pfu (particle flux unit), 1 pfu = 1 particle cm~2
s™1sr 1,

SEPs can be originated by two processes: (i) acceleration
at the solar flare current sheet (ii) by shock waves driven
by CMEs. SEP events are subdivided into two categories:
impulsive and gradual events. The later type is normally
associated with CME-driven shocks during their propagation
from solar corona to the interplanetary medium [1,2,3]. SEPs
detected at 1 AU indicate magnetic connectivity between the
flare/CME site and satellite, a necessary condition for particle
propagation path. CME driven shocks accelerate at least two
different seed populations, flare supra-thermals as well as
solar-wind particle [4]. A correlation between the peak fluxes
of SEPs and soft X-rays has been reported by some authors [5],
which is well improved if we consider the SEP events in the
western hemisphere [6]. Kiplinger et al. [7] has also reported
that there is a high correlation between the 10 MeV proton flux
at 1 AU and a characteristic pattern of X-ray spectral evolution
of 18 flares. Chertok et al. [8] also found the existence of a
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statistical correspondence between the frequency spectra of
solar microwave bursts and the energy spectra of near-Earth
proton fluxes at the energies of tens of MeV. Therefore, it is
still under debate whether the SEPs are purely associated with
CME-driven shocks and/or there is some contribution from
flares (current sheet) also.

In this paper, we analysed 46 radio-loud CMEs, associated
SEP events, and investigated their characteristics. In section 2,
we present the observational characteristics of RL CMEs and
associated SEP events. In the last section, we summarize the
results.

II. OBSERVATIONS AND RESULTS

The data sets utilized in this study are given below:

(i) We used radio flux 1-sec cadence data from the NGDC
(National Geophysical Data Center) RSTN (Radio Solar
Telescope Network) network to select the radio-loud CME
events during 1997-2006 (ftp://ftp.ngdc.noaa.gov/STP/space-
weather/solar-data/solar-features/solar-radio/rstn-1-second/).
(i1)) We used LASCO C2 and C3 data for the CMEs charac-
teristics (http://cdaw.gsfc.nasa.gov/CME _list/).

(iii) We utilized SOHO/EIT Extreme-ultraviolet images for
coronal measurements and SOHO/MDI magnetogram data for
the morphology of the active regions.

(iv) We used GOES proton flux (>10 MeV) data observed at
1 AU (http://spidr.ngdc.noaa.gov/spidr).

(v) We used coronal and interplanetary radio spectrum
data from ground based (Learmonth and Culgoora ra-
dio observatories, ftp://ftp.ips.gov.au/wdc-data/spec/data/) and
space-borne instrument (i.e. Wind/WAVES, http://www-
lep.gsfc.nasa.gov/waves/waves.html).

First of all, we selected all the M- and X-class flare
events during 1997-2006 using the flare lists from the NGDC.
Then, we selected the radio-loud CME events comparing
RSTN network radio flux density (sfu) in three different radio
frequencies (245, 410, and 610 MHz, flux>1x10° sfu) with
the SOHO/LASCO CME catalog. Fig. 1 shows the distribution
of RL CMEs in three different radio frequencies (245, 410,
and 610 MHz) during 1997-2006. These bar plots show that
the number of events decreases with increasing frequency. It
indicates that energy build-up and release process is different
for different events which depends on the magnetic field
configuration in the active region. Bottom left image shows
the location of 46 radio-loud CMEs, out of which 26 CMEs



Fig. 1. Distribution of RL CMEs in three different radio frequencies (245, 410, and 610 MHz) during 1997-2006. The bar plots show that the number of
events decreases with increasing frequency. Bottom-right image shows the location of 46 radio-loud CMEs, out of which 26 CMEs are associated with SEP
events. ‘+’ red symbols indicate the location of SEP events, whereas blue diamonds show the location of RL CME events . Most of the SEP events originate
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Fig. 4. Left: Peak proton flux observed at 1 AU by GOES vs. CME speed.

events. Right: Location of these events on the solar disc.

are associated with SEP events. ‘+’ red symbols indicate the
location of SEP events, whereas blue diamonds show the
location of RL CME events . Most of the SEP events originated
from the western hemisphere due to the favorable magnetic
connectivity to the satellite. We selected 46 RL CME events
for the detailed multiwavelength investigations regarding the
characteristics of these CMEs.

Fig. 2 displays some of the characteristics of 46 RL CMEs.
The top-left bar plot shows the width distribution of theses
CME:s. This plot reveals that most of the RL CMEs are halo
events (~70%) and remaining are also broad (e.g., partial halo
CME:s). The top-middle bar plot shows the speed distribution
of these CMEs. It shows that most of the radio loud CMEs
are high speed CMEs (speed>400 km s~!, median=1300 km
s~1). The CMEs width vs. speed has been plotted in the top-
left panel, which shows that all halo CMEs have speeds 500—
2700 km s—!, whereas other CMEs have speed <1500 km
s~!. It may be noted that RL CMEs have large width, higher
speed, and more kinetic energy.

The bottom-left plot displays the magnetic configuration of
the ARs of 46 RL CMEs, which reveals that ~52% RL CMEs
events are associated with 5vd magnetic configuration of the
active region, whereas ~62% SEP events are associated with
B~6 configuration. This indicates that complex ARs have more

X-ray flux (10 watt m”)

10

It shows two separate groups/branches. Middle: Flare classification for these

probability to produce the RL CMEs. The bottom-left bar plot
shows the radio bursts (Type II and Type IV) associated with
46 RL CMEs. Out of these CMEs, ~76% CME:s are associated
with type II and type IV radio bursts, whereas other RL CME
events do not show clear type II and type IV bursts. Further,
out of 26 SEP events ~80% CMEs show association with type
IT and type IV whereas other SEP events do not show clear
type II and type IV radio bursts.

To determine the relationship between flare generated radio
emission (due to accelerated electrons in the low corona) and
protons at 1 AU, We estimate integrated radio flux density
in three frequencies (245/410/610 MHz, in which CME is
radio-loud) and the proton flux at 1 AU for 19 SEP events.
The bottom-left plot shows the positive (~30%) correlation
between these integrated flux profiles. It indicates that there
may be common injection site (current sheet) for electrons and
protons in the corona. The particle injection sites may vary for
event to event depending on the magnetic field configuration of
the ARs, which is in agreement with the earlier study [9,10].
The right panel of Fig. 3 shows the integrated proton flux
[log(F)] vs. CME speed [log(V)] in the LASCO field of view.
This plot shows good correlation (~58%) between these two
parameters, which suggests that CMEs are the main driver for
proton acceleration in the interplanetary medium.
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Fig. 5. Left: GOES soft X-ray, LASCO CME height-time and proton flux profiles at 1 AU for 2 May 1998 event (Lower-branch event). Right: The similar

plots for 29 March, 2001 event (Upper branch event).

TABLE I
EVENTS SUMMARY

Events location CME speed Flare  proton flux (pfu)
02 May 1998 155 15W 938 km s~ XI.1 ~100
29 March 2001 06N 37W 942 km s—!  X1.2 ~20

To study the role of CMEs in producing the SEPs, we
plotted the peak proton flux [log(Fpeqr)] and CME speed
[log(V)] for these SEP events (Fig. 4). We used the peak
proton flux since the flux is peaked when the SEPs have well
connectivity to satellite at 1 AU. Interestingly, this plot sepa-
rates the SEP events into two groups/branches. There is linear
relation between peak proton flux and CME speed [f(t)~V%4].
In these groups of CMEs, two CMEs with different speeds
produced almost same proton flux, whereas two CMEs of
same speed also associated with different proton flux. We
carefully analysed these events and found that all SEP events
were associated with X-class flares as shown by the bar plot
in the middle panel. We plotted the location of these events
on the solar disc (right panel), which indicates that all these
SEP events are located in the western hemisphere (i.e., well
connected to the satellite).

Fig. 5 displays an example of two SEP events, one from
the lower branch (02 May 1998) and another from the upper
branch (29 March 2001). Both proton events were associated
with almost similar CMEs (same speed) and X class flare.
Moreover, both events were associated with type II and type
IV radio bursts. The summary of these events is given below:
We would like to know why two branches with similar
CMEs show different proton flux. To answer this question,
we compared proton flux profiles for all events and found that
the lower branch SEP events show impulsive rise with larger
proton flux whereas the upper branch SEP events reveal a
gradual rise with lower proton flux. This behavior is shown in
the example event (refer to Fig. 5).

III. SUMMARY

We studied 46 RL CME events, which have larger width,
speeds, and kinetic energy in comparison to the normal CMEs
[9,10]. ~57% of the RL CMEs were associated with SEP
events. Radio emission from flare accelerated electrons and
proton fluxes near 1 AU show a correlation of 30%, suggesting
a common link between the injection sites (flare current
sheet) for both electrons and protons. Interestingly, CME
speed and peak proton flux showed two separate branches
and their correlation. The lower branch proton flux profiles
reveal the impulsive rise with higher proton flux, whereas the
upper branch exhibits gradual rise with lower proton flux.
We suggest that the flares (current sheet) and CME driven
shocks contribute to the lower branch (hybrid) whereas in the
upper branch CME driven shocks play main role in the particle
acceleration. Radio-loudness may be used as a signal for the
forecasting of SEP events, which could be very useful in the
prediction of space weather events [11,12].
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