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Abstract
Fast (VCME > 1000 km s−1) coronal mass ejections (CMEs) capable of accelerating protons
beyond 300 MeV are thought to trigger hours-long sustained γ -ray emission (SGRE) after
the impulsive flare phase. Meanwhile, CME-CME interactions can cause enhanced proton
acceleration, increasing the fluxes of solar energetic particles. This study explores the role
of fast CME interactions in SGRE production during CME clusters, which we define as a
series of CMEs linked to > C-class flares with waiting times < 1 day from the same active
region (AR). We focus on clusters in major CME-productive ARs (major ARs), by defining a
major AR as one that produced > 1 CME associated to a major (> M-class) flare. The study
identified 76 major ARs between 2011 and 2019, of which 12 produced all SGRE events.
SGRE-producing ARs exhibit higher median values for the speed of their fastest CMEs
(2013 vs. 775 km s−1) and the class of their strongest flares (X1.8 vs. M5.8), compared
to SGRE-lacking ARs. They also produced relatively faster CMEs (median speed: 1418
vs. 1206.5 km s−1), with the SGRE-associated CMEs occurring during periods of higher
CME rates than typical fast CME epochs. Twelve of 22 (54.5%) SGRE events and 5 of
7 (71.4%) long-duration (> 10 h) SGRE events occurred during CME clusters, with high
chances of CME-CME interactions. A case study on very active major ARs showed that
all SGRE-associated CMEs with VCME ≲ 2000 km s−1 underwent CME-CME interactions
within ≲ 10 R⊙, while SGRE-associated CMEs faster than 3000 km s−1 did not undergo
interactions.

Keywords Coronal mass ejections, interplanetary · Energetic particles, acceleration ·
Energetic particles, protons · Radio bursts, type II

1. Introduction

A sustained γ -ray emission (SGRE) event is characterized by an extended period of en-
hanced γ -ray flux lasting up to several hours, beginning after the impulsive phase of the
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associated flare. SGRE events were first reported and demonstrated to be distinct from the
impulsive flare-phase emission by Forrest et al. (1985) using data from the Gamma Ray
Spectrometer (GRS; Forrest et al. 1980) on board the Solar Maximum Mission. Subsequent
missions such as Gamma-1 (Akimov et al. 1991) and Energetic Gamma-Ray Experiment
Telescope (Kanbach et al. 1989) enabled SGRE spectral observations up to a few GeV.
Detailed modeling of various SGRE events highlighted the need for coronal shocks in ac-
celerating protons above 300 MeV to produce the observed > 100 MeV spectrum (Murphy,
Dermer, and Ramaty 1987; Akimov et al. 1992). The reported similarity between the spec-
tra of an SGRE and the co-temporal solar energetic particle (SEP) events, likely accelerated
by the same shock, is noteworthy (Forrest et al. 1985). However, the SGRE event sample
size remained scarce until the advent of the Fermi-Large Area Telescope (Fermi/LAT; At-
wood et al. 2009), which offered a superior sensitivity and a wider field of view, allowing
extended periods of solar monitoring. The latest Fermi/LAT SGRE event catalog (Ajello
et al. 2021) has 22 events with durations over 3 hours (> 3 h SGRE events). Various stud-
ies have demonstrated the association of > 3 h SGRE events with coronal mass ejection
(CME) shocks using γ -ray to radio band data (e.g. Ackermann et al. 2017; Gopalswamy
et al. 2018a; Pesce-Rollins et al. 2022; Mäkelä et al. 2023). The SGRE-associated CMEs re-
semble CMEs that accelerate protons beyond 100 MeV, causing ground-level enhancements,
recorded by neutron monitors (Gopalswamy et al. 2018a)

Meanwhile, alternative SGRE models have been proposed. A major alternative model
invokes large flare loops that trap and re-accelerate particles for hours post-flare (Ryan and
Lee 1991; Mandzhavidze and Ramaty 1992; Hudson 2018; de Nolfo et al. 2019). However,
sustaining post-flare proton acceleration for > 3 h imposes stringent conditions on the tur-
bulence within the loops and extended particle acceleration episodes in the active regions
(ARs), which are strongly debated (Ramaty and Mandzhavidze 1998; Kahler, Cliver, and
Kazachenko 2018). For instance, Kanbach et al. (1993) attempted to explain the SGRE of
1991 June 11 that lasted more than 8 hours using a turbulent flare-loop model. The authors
ended up demonstrating that only turbulence-free loops can efficiently trap the particles for
so long, contradicting the fundamental framework of the model which requires turbulence
to re-accelerate particles to energies > 300 MeV. Also, SGRE sources observed at ≈ 35◦
behind the limb will require unusually large loops to transport particles and cause precipita-
tion on the front side. However, CME shocks that extend across large scales easily explain
particle acceleration and magnetic connectivity to the SGRE source, as demonstrated in var-
ious events (Pesce-Rollins et al. 2015; Ackermann et al. 2017; Gopalswamy et al. 2020;
Pesce-Rollins et al. 2022). Data-driven modeling of three behind-the-limb SGRE events by
Plotnikov, Rouillard, and Share (2017) showed that, in each case, a CME shock producing
a co-temporal SEP event could be associated with the SGRE. Gopalswamy et al. (2018b)
reported a correlation between the durations of > 3 h SGRE events and the co-temporal de-
cameter hectometric (DH) type II bursts driven by CME shocks, providing another strong
support for the CME-shock association of SGRE events. The > 3 h SGRE events are gener-
ally associated with fast (> 1000 km s−1) and wide (mostly halo) CMEs with relatively high
initial accelerations (Mäkelä et al. 2023). The work presented here focuses on > 3 h SGRE
events, due to their strong association with CMEs (Gopalswamy et al. 2019; Mäkelä et al.
2023).

Meanwhile, several studies have shown that CME-CME interactions during periods of
successive CMEs with short waiting times, referred to as CME clusters (Ruzmaikin, Feyn-
man, and Stoev 2011; Rodríguez Gómez et al. 2020a), are often associated with increased
SEP fluxes and geomagnetic disturbances (Gopalswamy et al. 2004; Pomoell and Poedts
2018; Rodríguez Gómez et al. 2020b; Koehn et al. 2022; Mayank et al. 2024). Gopalswamy
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et al. (2001c) discovered enhanced DH type II radio emission during a CME-CME interac-
tion, signifying an increased particle acceleration efficiency. Later, various other groups also
reported similar cases of enhancement in type II burst emission during CME-CME interac-
tion events (e.g. Reiner et al. 2003; Martínez Oliveros et al. 2012; Ding et al. 2014; Temmer
et al. 2014). Meanwhile, analyzing the CMEs and ARs associated with SGRE events, Gopal-
swamy et al. (2019) found that several events occurred during CME clusters hosted by some
major CME-productive ARs (major ARs). CME-CME interactions in these clusters involv-
ing fast CMEs could have played a role in accelerating protons beyond 300 MeV, through
mechanisms similar to those proposed to explain enhanced SEP fluxes (see, Lugaz et al.
2017, for a review). These > 300 MeV protons could precipitate to deeper layers of the so-
lar atmosphere, producing SGRE through various weak nuclear interactions (Ramaty et al.
1983; Murphy, Dermer, and Ramaty 1987). This work will define major ARs and CME
clusters relevant in the context of SGRE events, systematically identify and characterize
them using various parameters, and investigate the role of CME clusters and CME-CME
interactions in SGRE production.

Section 2 introduces the data sources, methodology, and definitions used in this work.
Section 3 presents the major AR catalog and compares the activity characteristics of SGRE-
producing and SGRE-lacking major ARs. The section also discusses the properties of fast
CMEs, their epochs, and their association with CME clusters. A case study on the role of
CME-CME interactions in triggering SGRE events is also presented. Section 4 summarizes
our conclusions.

2. Data and Methodology

The > 3 h SGRE events in the Fermi/LAT event lists (Share et al. 2018; Ajello et al. 2021)
and the CME database compiled by the Coordinated Data Analysis Workshop (CDAW) Data
Center (CDAW CME catalog; Yashiro et al. 2004; Gopalswamy et al. 2009) form our main
data source. Since we are interested only in strong CME-CME interactions capable of pro-
ducing > 300 MeV protons, the study is focused only on CMEs associated with > C-class
flares. The flare class is a metric of the peak soft X-ray (SXR) flare flux, which is an
indicator of the strength of the reconnection event that propels the CME (Pevtsov et al.
2003; Kazachenko 2023; Mohan et al. 2024). The peak SXR flare flux therefore correlates
with the CME speed (VCME) observed in the Large Angle and Spectrometric Coronagraph
(LARGE) C2 and C3 fields of view (Yashiro and Gopalswamy 2008; Salas-Matamoros and
Klein 2015). Besides, interactions between CMEs associated with > C-class flares have
been shown to enhance SEP fluxes in > 10 MeV bands (Gopalswamy et al. 2004, 2019).
Meanwhile, since the Fermi/LAT SGRE event lists cover only Solar Cycle 24 starting from
2011, this study focuses on CMEs associated with > C-class flares that occurred in major
ARs between 2011 and 2019.

We define a major AR as an AR that produced more than one CME-associated major
(> M-class) flare in its observed lifetime. A catalog of AR sources of the CMEs associated
with > C-class flares during 2011 – 2019 was made using data from the CDAW CME catalog
version 2.0 (Gopalswamy et al. 2024)1 For each major AR, we cataloged every associated
CME, noting the SXR flare strength (FCME), VCME, residual acceleration (aCME), onset time,
and duration, forming the primary database for this study. The CDAW CME catalog reports

1https://cdaw.gsfc.nasa.gov/CME_list/ The ARs that met the major AR criteria were then identified.

https://cdaw.gsfc.nasa.gov/CME_list/


  133 Page 4 of 19 A. Mohan et al.

Table 1 Definitions of various terms used in this work related to CMEs associated with > C-class flares,
ARs, CME occurrence periods and SGRE events.

Term Definition

Fast CME A CME with a sky-plane speed > 1000 km s−1.

Very fast CME A CME with a sky-plane speed > 1500 km s−1.

SGRE-associated CME A CME associated with an SGRE.

Major AR An AR that produced more than one CME-associated major (> M-class) flare
during its observed lifetime.

Major activity period The period between the first and the last observed CMEs associated with
> C-class flares.

SGRE-producing AR An AR that produced ≥ 1 SGRE event in its observed lifetime.

SGRE-lacking AR An AR that produced no SGRE in its observed lifetime.

Fast CME epoch A 2-day interval centered on the onset time of the fast CME.

CME cluster A sequence of CMEs associated with > C-class flares from an AR with waiting
times less than a day.

> 3 h SGRE An SGRE event with a duration > 3 h

l-SGRE Long-duration SGRE lasting for > 10 h

VCME and aCME as the mean plane-of-sky speed and acceleration measured within the com-
bined field of view of the Large Angle and Spectrometric Coronagraph (LASCO) C2 and
C3 coronagraphs. We express FCME on a linear scale where the GOES classes C1.0 – C9.9
correspond to values 1.0 – 9.9, M1.0 – M9.9 to 10.0 – 19.9, and > X1.0 to values above 20.0.

The ‘major activity period’ of each major AR is estimated as the interval between the first
and last observed CMEs associated with > C-class flares. The properties and occurrence of
CMEs associated with > C-class flares during the major activity period were quantified for
each AR using the parameters listed in Table 2, and their distributions were compared be-
tween ‘SGRE-producing’ and ‘SGRE-lacking’ AR populations. The distributions of VCME

and aCME of fast CMEs associated with > C-class flare in both major AR populations were
analyzed and contrasted with those of SGRE-associated CMEs.

After studying the CMEs and their general occurrence characteristics during major activ-
ity periods, we explored the temporal clustering of CME events during ‘fast CME epochs’ in
the major activity period of each major AR. We define a fast CME epoch as a 2-day interval
centered on the fast CME onset time, and a ‘CME cluster’ as a succession of CMEs asso-
ciated with > C-class flares from an AR with waiting times less than a day. CME clusters
in the major ARs were identified, and their role in making co-temporal fast CMEs SGRE-
associated was investigated. A detailed case study was performed on the CME clusters in
two very active major ARs that produced multiple long-duration (> 10 h) SGRE (l-SGRE)
events, to understand why fast CMEs in some clusters were SGRE-associated.

Table 1 summarizes all important definitions used in this work. Previous studies that ex-
plored the extreme flare productivity of certain ARs had used convenient definitions to pick
out super active ARs, or ‘super ARs’. Super ARs were first defined by Bai (1987) as ARs
producing > 4 major flares. Subsequent works refined the definition by adding criteria on
photospheric magnetic field complexity, sunspot properties, radio flux, geomagnetic indices,
and SEP flux levels, etc., but without focusing on CME-productivity (Tian, Liu, and Wang
2002; Romano and Zuccarello 2007; Chen et al. 2011; Wang et al. 2013). Similarly, the
common definition of a CME cluster does not constrain based on the AR source or associ-
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Table 2 Various parameters to characterize the strength of each CME event and major activity period in a
major AR.

Parameter Definition

CME FCME Strength of the associated flare on a scale linear with the GOES class
(see, Section 2)

VCME Sky-plane speed in the LASCO C2 field of view

aCME Residual sky-plane acceleration in the LASCO C2 field of view

Major activity period ΔTA Duration of the major activity period

NCME No. of CMEs.

RCME NCME/ΔTA.

FCME,m FCME of the strongest flare.

VCME,m VCME of the fastest CME.

ated flare strength of each CME, unlike the definition used in this work. Our definitions of
a major AR and a CME cluster are therefore distinct and tailored to strong CME-productive
ARs and clustering of energetic events within them, which is relevant for SGRE production.

3. Results and Discussion

We identified 76 major ARs between 2011 and 2019. All > 3 h SGRE events in the cycle
were associated with 12 major ARs, 5 of which produced the 7 l-SGRE events in the cycle.
A table summarizing the properties of the major activity period and associated CMEs for
every major AR is provided online.2 The CME clusters during the major activity periods
were also identified in all major ARs, details of which are made available.3

This section is divided into four subsections following a top-down approach. Section 3.1
discusses the results at the level of major activity periods and CMEs in general, in the major
AR populations. Section 3.2 delves into the properties of fast CME epochs. Section 3.3
discusses the association of fast CME epochs and SGRE events with CME clusters. Finally,
Section 3.4 presents a detailed case study exploring the role of CME-CME interactions
during CME clusters in SGRE generation.

3.1. Properties of CMEs and Major Activity Periods

Table 2 presents the various parameters of CMEs and major activity periods. A CME
is characterized by FCME, VCME, and aCME (see, Section 2). Each major activity period
is characterized by its duration (ΔTA), number of CME events (NCME) and their rate
(RCME = NCME/ΔTA), the maximum observed VCME (VCME,m), and the maximum observed
FCME (FCME,m).

Figure 1 compares the distributions of and Spearman cross-correlations between the var-
ious parameters of the major activity period in the SGRE-lacking and SGRE-producing
major AR populations. The median values of NCME, RCME, FCME,m, and ΔTA are similar for
the two populations, but the median VCME,m and FCME,m are clearly higher (2013 km s−1;

2https://cdaw.gsfc.nasa.gov/pub/atul/majorARs/MajorAR_CME-flareprops.html
3https://cdaw.gsfc.nasa.gov/pub/atul/majorARs

https://cdaw.gsfc.nasa.gov/pub/atul/majorARs/MajorAR_CME-flareprops.html
https://cdaw.gsfc.nasa.gov/pub/atul/majorARs
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Figure 1 Major activity period characteristics. (a-b): Spearman cross-correlation matrix (rs : correlation co-
efficient) with histograms for the various parameters of the major activity period (see Table 2) (c) Histogram
of VCME and FCME of SGRE-associated CMEs.
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Figure 2 Properties of fast CMEs in SGRE-lacking (a) and SGRE-producing (b) major ARs and those asso-
ciated with SGRE events (c). Distributions of VCME and aCME, and the Spearman cross-correlation between
VCME and aCME are shown.

X1.8) for SGRE-producing ARs, compared to the other (775 km s−1; M5.8). The Spearman
correlation coefficient (rs ) between each parameter and the respective p-value is mentioned
in Figure 1. The apparent correlation between the RCME and ΔTA results from the definition
of RCME. Meanwhile, based on the p-value and the correlation coefficient (rs ), significant
(p < 0.001) high correlations (rs ≳ 0.4) are found between parameter pairs (ΔTA, VCME,m),
(ΔTA, NCME), (VCME,m, NCME), and (FCME,m, NCME) for SGRE-lacking major ARs. These
parameter pairs remain significantly correlated even after including the SGRE-associated
ARs, although the rs values reduce by 12%, 3%, 20%, and 12%, respectively for each
pair. These correlations may simply reflect that longer-lasting (≈ ΔTA) and more CME-
prolific (≈ NCME) major activity periods tend to host stronger CMEs that are accompa-
nied by stronger flares. However, despite the similar median values of ΔTA, and RCME,
SGRE-producing ARs are distinguished from the other population by their higher VCME,m

and FCME,m, highlighting their ability to generate exceptionally fast CMEs associated with
stronger flares.

Since CME kinematics clearly play a major role in SGRE generation, we explored the
distribution of VCME and aCME for all fast CMEs in major AR populations, compared with
the SGRE-associated CMEs (see Figure 2). Of the major AR populations, SGRE-producing
ARs generate relatively faster CMEs. The SGRE-associated CMEs form a much faster pop-
ulation of CMEs with very high median residual deceleration (-aCME) within their host ARs.
The aCME and VCME show a significant anti-correlation for fast CMEs in SGRE-producing
ARs and for SGRE-associated CMEs. This could be because faster CMEs face a high resid-
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Table 3 Various parameters to characterize the CME activity in the periods just before (following) each
fast CME event. The parameters are defined in the same sense for both periods, with subscripts ‘b’ and ‘f’
denoting the periods before and following the fast CME of interest.

Parameter Definition

tw,b(tw,f) Waiting time of the previous (following) CME

RCME,b(RCME,f) CME rate in the period before (after) the event onset

VCME,r,b(VCME,r,f) Relative sky speed of the preceding (following) CME

lint,b(lint,f) Interaction distance parameter with the previous (following) CME

ual deceleration due to a higher solar wind drag force (∝ V2
CME) (see, Chen 2011, for an

overview). This effect was previously reported for samples of mostly isolated CME events
whose evolving structures are well discernible in coronagraphs (Gopalswamy et al. 2000,
2001b,a). However, the lack of a VCME -aCME anti-correlation in the fast CMEs of SGRE-
lacking ARs is intriguing, which might be related to the mean ambient conditions during fast
CME epochs. The correlation between VCME and aCME is clearly pronounced for very fast
(> 1500 km s−1) CMEs, whose dynamics will be relatively less affected by the structures
in the propagating medium or near simultaneous eruptions. The following subsection will
characterize the fast CME epochs in major ARs, and compare with the SGRE-associated
CME epochs.

3.2. Activity of CMEs During Fast CME Epochs

Of the 64 SGRE-lacking major ARs, 17 produced at least one fast CME, and 6 ARs pro-
duced at least one very fast CME. Meanwhile, out of the 12 SGRE-producing ARs, 9
hosted very fast CMEs, while one produced a 1200 km s−1 CME and two outlier ARs pro-
duced < 1000 km s−1 CMEs associated with SGRE events lasting for ≲ 5 h.

To characterize each fast CME epoch, we define two sets of parameters for the 1-hour
period just before and following the event onset, which are summarized in Table 3. The var-
ious parameters include the waiting time for the immediately preceding (tw,b) and following
(tw,f) CMEs, the CME rates (in d−1) before (RCME,b) and after (RCME,f) the fast CME onset,
the relative speed of the immediately preceding (VCME,r,b) and following (VCME,r,f) CMEs
with respect to the fast CME of interest, and the typical interaction distance of the fast
CME with the immediately preceding (lint,b) and following (lint,f) CME. A negative value of
VCME,r,b(VCME,r,f) implies a relatively slower speed for the preceding (following) CME. The
lint,b (lint,f) value is computed based on the relative speed and onset time difference of the
preceding (following) CME with respect to the fast CME of interest. Since the CMEs con-
sidered to compute lint,b (lint,f) occur in the same AR, their sky-plane speeds would have very
similar projection effects. However, since the details of the CME dynamics are not consid-
ered, the estimates of the interaction distance are nominal with lower positive values of lint,b

(lint,f) indicating higher chances of CME-CME interaction. A negative lint,f (lint,b) implies
that the CME of interest would not interact with the following (preceding) CME. We remind
the reader that only CMEs associated with > C-class flares are considered in this study.

Figures 3 and 4 show the histograms of all parameters in Table 3 characterizing the CME
activity during the fast CME epochs of SGRE-producing and SGRE-lacking major ARs. For
comparison, statistics for SGRE-associated fast CME epochs are shown separately. Since
parameter distributions are generally asymmetric and have outliers, we take the median
value of each parameter as its representative estimate. Note that tw,b is negative while tw,f is
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Figure 3 Statistics of the parameters of CME activity in the period just before the fast CME onset within fast
CME epochs: (a) in SGRE-lacking major ARs, (b) in SGRE-producing major ARs, and (c) associated with
SGRE events.

Figure 4 Same as Figure 3, but characterizing the period following the fast CME onset within fast CME
epochs.
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positive because waiting times are measured from the epoch of the fast CME. We will hence
use their absolute values for a comparative analysis of the periods preceding and following
the fast CME onset time. The absolute values of tw,b and tw,f are low, while RCME,f and
RCME,b are high for SGRE-lacking ARs, compared to SGRE-producing ARs. This could
indicate higher chances for CME-CME interactions in SGRE-lacking ARs. However, the
median absolute VCME,r,b is higher for SGRE-producing ARs. Since fast CMEs in SGRE-
producing ARs are on average faster than those in SGRE-lacking ARs (see, Figure 1), the
higher VCME,r,b implies that the interactions of their fast CMEs with the preceding CMEs
could be much stronger. The interaction distance is another important parameter because
CMEs expand while propagating away from the Sun, causing plasma and magnetic field
energy densities to decrease. Hence, CME-CME interactions at lower distances are more
energetic with higher particle acceleration potential compared to those occurring at larger
distances. The median lint,b of SGRE-producing ARs is higher compared to SGRE-lacking
ARs. Meanwhile, negative median values of lint,f for the three populations of fast CME
epochs are likely due to the low probability of the occurrence of multiple fast CMEs in short
waiting times. This will result in a negative median value for VCME,r,f and in turn lint,f.

Next, we investigate CME activity in SGRE-associated CME epochs and compare with
the general results for fast CME epochs in the two major AR populations. SGRE-associated
CME epochs show significantly lower lint,b and higher VCME,r,b than typical fast CME epochs
in major ARs. This suggests higher chances of stronger CME-CME interactions during
SGRE-associated CME epochs. In addition, the relatively high median value of RCME,b for
SGRE-associated CME epochs compared to a typical fast CME epoch in SGRE-producing
ARs suggests that SGRE-associated CME epochs are distinctive periods of high CME ac-
tivity in their host ARs. To summarize the general CME activity characteristics during fast
CME epochs,

1. Fast CME epochs in SGRE-lacking ARs show higher chances of CME-CME interac-
tions.

2. The higher median values for VCME and VCME,r,b for fast CMEs and their epochs respec-
tively in SGRE-producing ARs indicate the chances of relatively stronger CME-CME
interactions in these ARs.

3. SGRE-associated CME epochs are periods of higher CME activity in their host ARs, with
very high chances of strong CME-CME interactions at low interplanetary space heights.

Though the epochs of SGRE-associated CMEs and fast CMEs in SGRE-lacking ARs show
high RCME,b, the high VCME,r,b and low lint,b clearly distinguish the former from the latter.
A robust investigation of CME-CME interactions during fast CME epochs requires system-
atic identification and characterization of CME clusters and co-temporal fast CMEs in major
ARs.

3.3. CME Clusters in Major ARs

We identified 94 CME clusters across multiple major ARs. The plots of CME occurrences
during the major activity period of each major AR with clusters marked are available online,
along with the properties of the CMEs and associated flares.4 Of the identified clusters, 19
found in 16 major ARs had at least one fast CME, and 12 found in 8 ARs had at least one
very fast CME. We find that 12 out of 22 (54.5%) SGRE events and 5 out of 7 (71.4%)
l-SGRE events occurred in CME clusters. Exploring all these clusters individually in detail

4https://cdaw.gsfc.nasa.gov/pub/atul/majorARs/CME_clusters.

https://cdaw.gsfc.nasa.gov/pub/atul/majorARs/CME_clusters
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Table 4 SGRE events produced by ARs 11429 and 12673.

AR Event date Time
UT

Dur
h

GOES
class

VCME
km s−1

VCME,sp

km s−1
CME
cluster

11429 2012-03-05 04:09 4.25 X1.1 1531 1627 Yes

2012-03-07 00:24 20.47 X5.4 2684 3146 Yes

2012-03-09 03:53 8.85 M6.3 950 1229 No

2012-03-10 17:44 11.62 M8.4 1296 1638 No

12673 2017-09-06 12:02 18.43 X9.3 1571 1819 Yes

2017-09-10 16:06 15.18 X8.2 3163 3163 Yes

Figure 5 CMEs produced during the major active periods in the selected major ARs. Boxes identify CME
clusters (C1 - C4) and horizontal solid arrows mark the l-SGRE-associated CMEs. Vertical dotted arrows
mark the other SGRE-associated CMEs. The VCME,sp of all very fast CMEs are mentioned in red text. Label
colors provide VCME.

is beyond the scope of this article. Therefore, we resort to a case study of CME clusters in
very active major ARs that produced multiple l-SGRE events. ARs 11429 and 12673 are the
only such ARs, with some l-SGRE events associated with CME clusters.

3.4. Case Study: CME Clusters in Very Active Major ARs

Table 4 summarizes the properties of the recorded SGRE events in ARs 11429 and 12673
and the associated CMEs. Since VCME is the projected speed in the sky-plane, the true
space speed (VCME,sp) of every SGRE-associated CME was estimated by fitting a cone CME
model (Xie et al. 2006). The columns specify the event date, time, duration, associated flare
class, CME speeds, and if the SGRE-associated CME occurred in a cluster. The rows in
bold highlight the l-SGRE events that occurred in a cluster. All SGRE-associated CMEs
were halo CMEs. Figure 5 shows the various CME clusters during the major activity period
of the selected ARs. The solid arrows point to l-SGRE-associated CMEs, when the dotted
arrows point to other SGRE-associated CMEs. VCME,sp values of the fast CMEs are shown
in red text. Note that cluster C2 in AR 12673 did not produce even a 3-hour-long SGRE,
despite having a very fast CME with a VCME,sp similar to that in cluster C3. The following
sub-subsections will explore these ARs and clusters in detail.
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Figure 6 Activity around the period of cluster C1. Top panel shows SEP flux from GOES, while the bottom
panel shows the CME height-time measurements marked by diamonds with best-fit lines drawn in different
line styles depending on the CME width (see, plot legend). The line and marker colors denote the CME
propagation direction. Eastern and northern CMEs are associated with AR 11429. Interacting CMEs from
AR 11429 are boxed and marked by black arrows. SGRE-associated CMEs are marked by green dotted
arrows.

3.4.1. AR 11429

Cluster C1 produced by the AR lasted from 2012-03-03 18:36 to 2012-03-07 01:30 UT. Two
SGRE events that lasted for 20.47 h (l-SGRE) and 4.25 h occurred during the cluster. The
AR moved from 83◦ – 26◦E longitude (latitude: 16◦N) during the cluster period. Figure 6
shows the SEP flux from GOES in the top panel and the CME height-time plots for all
CMEs that occurred during cluster C1, and could be robustly tracked. The data comes from
the height-time measurements in the CDAW CME catalog. The height-time data points are
colored based on the CME propagation direction, and the slope of the data gives VCME.
Green dotted arrows highlight the SGRE-associated CMEs. The box identifies CME-CME
interactions, with black arrows pointing at the interacting CMEs. The interaction involving a
fast CME of VCME,sp = 1627 km s−1 and aCME = −24.6 m s−2 was associated with an SGRE
that lasted for 4.25 h. The interaction occurred at a short heliocentric distance < 10 R⊙ with
a trailing CME which had a waiting time of −0.78 h and a speed of −937 km s−1, relative
to the fast CME. These values indicate that the trailing CME was relatively very weak and
occurred temporally quite close to the fast CME. Meanwhile, the l-SGRE event on 2012-03-
07, associated with a CME of VCME,sp = 3146 km s−1, shows no sign of interactions. The
two east-directed close-by CMEs on 2012-03-04 are not considered because the earlier of
the two events is associated with an AR at N32E87, which is much farther away from AR
11429 (N19E61) that produced the later CME.

Figure 7 explores the epochs of the other two SGRE-associated CMEs from AR 11429,
that were not associated with any cluster. The 2012-03-09 03:53 UT event had poor-quality
data in LASCO and the Solar TErrestrial RElations Observatory (STEREO) A, making the
analysis difficult. However, the CME associated with the l-SGRE event on 2012-03-10 17:44
UT underwent an interaction with a CME from the nearby AR 11430 at a height within
10 R⊙. The waiting time and speed of the trailing CME relative to the fast CME in the
interaction are −1.5 h and −777 km s−1 respectively. AR 11430 was located ∼ 12◦ west of
AR 11429.
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Figure 7 CME activity during
SGRE events in AR 11429
(N17W24) unrelated to CME
clusters. Figure panels and labels
have the same meaning as in
Figure 6. The CME associated
with the SGRE on 2012-03-10
17:44 UT interacted with an
earlier CME from AR 11430
(N18W36).

Figure 8 CME clusters in AR
12673. Markers, line styles and
labels have the same meaning as
in Figure 6.

3.4.2. AR 12673

The AR produced three clusters, C2 – C4. C2 had two CMEs associated with M-class flares
on 2017-09-04 at 19:00 and 20:36 UT (see Figure 5b). The latter event was a very fast
(1831 km s−1) halo CME. The AR location was S08W11. After a short break, C3 and C4
occurred lasting from 2017-09-06 09:48 to 2017-09-08 04:17 UT and 2017-09-09 23:12 to
2017-09-10 16:00 UT, respectively. The longitude of the AR varied from 11◦ – 92◦W dur-
ing the period. Figure 8 shows an analysis of the clusters similar to that in Figure 6. We
first consider the case of SGRE-associated clusters, C3 and C4. In the case of C3 where
a < 2000 km s−1 CME produced an l-SGRE, we find clear evidence for multi-step CME
interactions involving three CMEs, all within 10 R⊙. The relative CME speeds and wait-
ing times of the two trailing CMEs relative to the fast CME are (−1160 km s−1, −2.5 h)
and (−1015 km s−1, −9.6 h). Cluster C4 has a case of CME-CME interaction between
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Figure 9 Activity during cluster C2. (a): DH dynamic spectrum showing the type II bursts marked by lines
and the spike in γ -ray flux. (b) GOES X-ray flux (purple) and > 100 MeV proton fluxes from GOES (black)
and STEREO A (red) are shown along with γ -ray flux in orange. (c) The LAT exposures and γ -ray fluxes
from the maximum likelihood method are shown. Red points mark the two l-SGRE events that happened in
AR 12673. The box region highlights the period of C2.

fast CMEs from AR 12673 marked by the black box. The interaction that occurred at a
height above 20 R⊙ did not produce an SGRE. The trailing CME had a speed of about
−500 km s−1, with a high waiting time of −5.5 h with respect to the fast CME in the in-
teraction event. Meanwhile, the l-SGRE-associated CME on 2017-09-10 16:06 UT had a
VCME,sp of 3163 km s−1 with no sign of CME-CME interactions.

Now we consider the case of C2, which did not produce an SGRE despite having a
CME-CME interaction involving a fast CME of speed similar to that in C3. The waiting
time and speed of the trailing CME were −1.5 h and −821 km s−1 respectively, relative
to the fast CME in the interaction. The DH dynamic spectrum clearly shows type II radio
bursts associated with the CMEs, highlighted by dashed white lines in Figure 9. The overlaid
γ -ray light curve shows a minor increase above the mean background level, observed after
2017-09-04 22:00 UT when the CME interaction occurred (see Figure 8). Figure 9c shows
the LAT maximum likelihood light curve during the major activity period of AR 12673. The
SGRE events during clusters C3 and C4 are highlighted in red circles. The period of C2 is
boxed. The noise background during C2 is as high as the flux level of the SGRE event during
C3, with very Fermi/LAT exposures. These factors would prevent the robust detection of any
SGRE of similar strength as the event during C3, if it had occured during C2.

4. Conclusion

This study investigates the role of CME clustering and CME-CME interactions in > 3 h
SGRE events. We focus on major ARs, defined as active regions that produced more than
one CME-associated major (> M-class) flare during its recorded lifetime. A CME cluster is
defined as a series of CMEs with waiting times of less than one day. The study focuses only
on CMEs associated with > C-class flares produced by major ARs.

We identified 76 major ARs in Cycle 24 since 2011, using the elaborate database of
CMEs, flares, and associated ARs compiled by NASA’s CDAW data center. Of these ma-
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jor ARs, 12 produced all SGRE events in the FERMI/LAT event lists. The properties of
all major ARs are available online. We characterized the major activity period, defined as
the period when an AR produced CMEs associated with > C-class flares, of all 76 ARs us-
ing various parameters. The parameters include the duration (ΔTA), the fastest CME speed
(VCME,m), the strongest flare strength (FCME,m), the CME count (NCME) and the average CME
rate (RCME = NCME/ΔTA) associated with the major activity period. Our analysis reveals
significant correlations between (VCME,m, NCME), (FCME,m, NCME), and (ΔTA, VCME,m). This
might be a reflection of the fact that longer major activity periods and higher NCME increase
the chances for occurrence of faster CMEs. Since SGRE events are closely associated with
fast CMEs (> 1000 km s−1), we also examined the distribution of their sky-plane velocity
(VCME) and residual acceleration (aCME) within the combined field of view of the LASCO
C2 and C3 coronagraphs. We conclude the following about CME activity during the major
activity periods of the two major AR populations.

• SGRE-lacking and SGRE-producing ARs have similar ΔTA and RCME.
• The strongest events in SGRE-producing ARs recorded a much higher median VCME,m

(2013 km s−1) and flare class (X1.8), compared to SGRE-lacking ARs (775 km s−1,
M5.8).

• Fast CMEs in SGRE-producing ARs have a higher median value of VCME (1418 km s−1)
than in SGRE-lacking ARs (1206.5 km s−1).

• SGRE-associated CMEs formed a distinct population with significantly higher median
VCME (1738.5 km s−1) and residual deceleration (aCME = −34.9 m s−2) within host ARs.

The SGRE-productivity of a major AR is determined by its ability to produce a population
of very fast CMEs during its major activity period, independent of the extent of the major
activity period or the mean CME rate.

We investigated the clustering and interaction of CMEs during fast CME epochs to ex-
plore their potential role in SGRE generation. A fast CME epoch is defined as a 2-hour
interval centered on the fast CME onset time. For each fast CME epoch, we estimated the
waiting times and relative speed of the immediately preceding and following CMEs. We
also computed the CME rates before and after the fast CME onset and interaction distances
of the fast CME with the immediately preceding and following CMEs. All fast CME epochs
in major ARs were characterized using these parameters. SGRE-associated CME epochs
showed very low median values for the interaction distance and CME waiting times, with
a high median value for the relative speed with respect to the preceding CME, compared
to typical fast CME epochs in major ARs. In addition, SGRE-associated CMEs occurred
during periods of enhanced CME rates in their host ARs. Hence, an SGRE-associated CME
epoch has the highest probability of a strong CME-CME interaction compared to other fast
CME epochs. In addition, we identified 96 CME clusters in all major ARs. Twelve of 22
(54.5%) SGRE events and 5 of 7 (71.4%) long-duration SGRE (l-SGRE) events occurred in
CME clusters. Our findings suggest that, like the SGRE-associated fast CMEs, their occur-
rence epochs also form a distinctive group within their major ARs characterized by higher
odds of association to CME clusters and CME-CME interaction.

For a detailed insight, we performed a case study of CME clusters within two very active
major ARs, 11429 and 12673, which together hosted four CME clusters and multiple l-
SGRE events. All SGRE-associated CMEs in these ARs were halo CMEs with true space
speeds ranging from 1627 to 3163 km s−1. AR 12673 was particularly notable, as it had
three CME clusters, two of which produced l-SGRE events. We found that all fast CMEs
with a speed below 2000 km s−1 that were associated with SGRE events had interactions
with previous CMEs within distances below 10 R⊙. However, l-SGRE-associated CMEs
with speeds > 3000 km s−1 did not undergo CME-CME interactions.
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These findings emphasize the crucial role of CME clusters and associated CME-CME in-
teractions in the SGRE productivity of fast CMEs with speeds below 2000 km s−1. However,
exceptionally fast CMEs (VCME > 3000 km s−1) are capable of triggering l-SGRE events in-
dependently. We found that the ability of a major AR to produce very fast CMEs in clusters
strongly determines its SGRE productivity.
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