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ABSTRACT

We present our results on the correlation of non-interacting coronal mass ejections (CMEs) and solar energetic particles (SEPs). A
statistical analysis was conducted on 25 SEP events and the associated CME and flare during the ascending phase of solar cycle
24, i.e., 2009-2013, which marks the quadrature configuration of Solar TErrestrial RElations Observatory (STEREO). The complete
kinematics of CMEs is well studied near this configuration of STEREO. In addition, we have made comparison studies of STEREO
and SOlar and Heliospheric Observatory results. It is well known that the CME speeds and SEP intensities are closely correlated. We
further examine this correlation by employing instantaneous speeds (maximum speed and the CME speed and Mach number at SEP
peak flux) to check whether they are a better indicator of SEP fluxes than the average speed. Our preliminary results show a better
correlation by this approach. In addition, the correlations show that the fluxes of protons in energy channel >10MeV are accelerated
by shock waves generated by fast CMEs, whereas the particles of >50 MeV and >100 MeV energy bands are mostly accelerated by
the same shock waves but partly by the associated flares. In contrast, the X-ray flux of solar flares and SEP peak flux show a poor

correlation.
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1. Introduction

Coronal mass ejections (CMEs) are intensive outbursts of plasma
and magnetic field that play a key role in causing strong geomag-
netic storms on the Earth (e.g., Gosling et al. 1991; Webb et al.
2000; St. Cyr 2000; Cane & Richardson 2000; Gopalswamy et al.
2001a,2002a, Gopalswamy 2002; Srivastava & Venkatakrishnan
2002; Kim et al. 2005; Moon et al. 2005; Manoharan et al. 2004;
Manoharan 2006, 2010; Manoharan & Mujiber Rahman 2011;
Shanmugaraju et al. 2015). Space weather is mainly controlled by
the strong magnetic storms and particle storms that are caused by
the enhanced fluxes of protons and ions. These accelerated plas-
mas are known as solar energetic particles (SEPs). The genera-
tion of SEPs is mainly due to two phenomenon, impulsive SEP
events caused by magnetic reconnection manifested as solar flares
(Cane et al. 1986) and gradual SEP events accelerated by strong
shocks associated with CMEs (e.g., Cane et al. 1987; Reames
1999; Kahler 2001; Gosling 1993).

The large, gradual, and long-lived SEP events are of particu-
lar interest as the arrival of associated interplanetary CMEs and
shocks and the enhanced SEP fluxes can cause severe damage to
satellites in space and technology on the ground. SEP intensities
and CME speeds are well correlated (Kahler 2001, Pande et al.
2018). As explained by Reames (2013), the CME-driven shock
scatters the ions back and forth by the resonant Alfvén waves
amplified by the accelerated protons themselves as they stream
away. A good indicator of SEPs accelerated by coronal and inter-
planetary shocks are type II (metric) bursts (Cliver et al. 1999).
In addition, the particles existing in the interplanetary medium
that are produced by the preceding CME provide seed particles
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for the primary CME (Gopalswamy et al. 2001b, 2002a,b). This
scenario is crucial for space weather forecasts since the acceler-
ation of already existing seed particles would drive the particles
farther away from the Sun. In the case of halo-CMEs this proves
to be an important problem, one that helps us understand the
acceleration mechanism of SEPs for accurate predictions.

The scientific literature provides several results of good cor-
relation studies between CME speed and the peak flux of the
associated SEPs; for example, Kahler (2001) presented a corre-
lation of 0.616 and 0.718 at 2MeV and 20MeV energy band
of SEP peak flux, respectively; Pande et al. (2018) obtained a
0.60 correlation between halo CMEs and the associated SEP
peak flux using the SOlar and Heliospheric Observatory (SOHO)
and Geostationary Operational Environmental Satellite (GOES)
>10MeV energy bands for SEPs. It is worth noting that these
considerations were based on average velocities of CMEs. Nev-
ertheless, we cannot rule out the influence of other parameters
that drive SEPs, such as the preexisting SEPs in the ambi-
ent medium (Kahler 2001; Gopalswamy et al. 2004), preceding
CMEs (Kahler & Vourlidas 2005), and CME-CME interaction
(Gopalswamy 2012).

Recently there have been several studies that can be used
to increase our ability to forecast SEP events. Richardson et al.
(2014) have analyzed properties of more than 200 individual
>25MeV solar proton events that occurred during the period
October 2006 — December 2013, using multiple spacecraft
(Solar TErrestrial RElations Observatory (STEREO)-A, -B, and
SOHO). Among other parameters, they developed a formula
for predicting the proton intensity at 14-24 MeV based on the
CME speed and solar event location using the three spacecraft
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observations. This approach allows us to predict the inten-
sity of the largest most extended events reasonably well, but
it fails for a large population of weaker-than-expected events.
Richardson et al. (2015) used the same population of SEP events
to compare their correlations with kinematic parameters (speed
and width) of CMEs included in the catalogs Coordinated Data
Analysis Workshops (CDAW), Computer Aided CME Tracking
(CACTus), Solar Eruptive Event Detection System (SEEDS),
and CORonal IMage Processing (CORIMP). The most common
correlation between CME speed and proton event intensity has
similar values for most catalogs. It should be noted that this con-
vergence is determined by a few large particle events associated
with fast CMEs and small events associated with slow CMEs.
Intermediate particle events are more scattered when speeds
from different catalogs are used. In addition, they also demon-
strate that quadrature spacecraft CME speeds do not improve the
correlation coeflicient.

It is clear that the peak intensity of an SEP event cannot be
determined by the CME speed alone. New analyses of white-
light CME images enable us to improve calculations of the
CME masses, and hence their kinetic energies (Vourlidas et al.
2010). This allowed the determination of the relationships
between properties of SEPs and dynamic parameters of the
CME. Recently, Kahler & Vourlidas (2013) used two kinetic
energies of CMEs, based on frontal and center-of-mass speeds,
to predict the peak intensities and other parameters of western
hemisphere 20 MeV SEP events. Those correlations proved to
be higher with kinetic energy based on frontal speed than those
based on center-of-mass speeds. We can assume that the body
of the CME is less significant than the CME front in SEP pro-
duction. Very recently, Xie (2019) significantly improved pre-
vious considerations in two aspects. Using a three-dimensional
CME reconstruction method and combined STEREO, SOHO,
and Solar Dynamics Observatory (SDO) white light (WL) and
extreme ultraviolet (EUV) observations as constraints, they were
able to determine the true radial speed of the shock and CME
angular widths. This new technique allowed them to improve the
correlation coefficient between logarithmic peak intensity and
the true kinetic energy for 19-30 MeV protons (up to 0.9) and
for 62—105 keV electrons (up to 0.8).

The correlation of solar flare properties and SEPs is rather
poor. Gopalswamy et al. (2003) have reported a weak correlation
of 0.41 between the SEP and X-ray peak flux. In the statistical
study of soft X-ray (SXR) flux of the flares, Miteva et al. (2013)
found that SEPs observed within an Interplanetary Coronal
Mass Ejection (ICME) have a better correlation than when they
propagate in the ambient solar wind. Temmer et al. (2008) and
Berkebile-Stoiser et al. (2012) have recently suggested that hard
X-ray (HXR) emission of the flare and CME acceleration peak
times occur nearly simultaneously, followed by the Bhatt et al.
(2013) suggestion on the occurrence of primary acceleration of
SEPs to higher energies at the flare site. Even so, the phys-
ical relationship between the flares, CMEs, and SEPs is still
debatable.

In this paper we continue to determine the correlations
of CME speed and the associated SEP peak flux. We use
the new approach of using the instantaneous speeds of CMEs
of non-interacting halo CMEs near the quadrature configu-
ration of STEREO. The data from SOHO/Large Angle and
Spectrometric Coronagraphs (LASCO) and STEREO/Sun Earth
Connection Coronal and Heliospheric Investigation (SECCHI;
Brueckner et al. 1995; Howard et al. 2008) were employed to
determine the kinematics of the CMEs. The SEP fluxes at three
energy bands (>10MeV, >50MeV, and >100MeV) from The
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GOES Energetic Particle Sensor (EPS), part of the Space Envi-
ronment Monitor (SEM), was used to study SEP intensities. In
addition, we discuss the relation of the X-ray peak flux of solar
flares using GOES-14 data associated with the two phenomena.

This article is organized as follows. The data and method
used for the study are described in Sect. 2. In Sect. 3 we present
results of our study. Finally, the conclusions and discussions are
presented in Sect. 4.

2. Data and method

In our study we used observations from a few instruments and
a new approach for determining CME speeds. In the following
subsection we describe the method we used for the purpose of
our study.

2.1. Data

In our study, the SEPs associated with non-interacting halo
CMEs were taken into consideration. The CME data were
obtained from the observations of instruments on board two sep-
arate spacecraft: the LASCO instrument on board SOHO and the
SECCHI instrument suite on board STEREO. The widely used
SOHO/LASCO catalog', which contains the basic attributes of
CMEs (Yashiro et al. 2004, Gopalswamy et al. 2009), was used
in our study. When the accuracy of determination of true speeds
of CME:s is discussed, it is worth noting that the coronagraphic
observations of SOHO/LASCO are subject to projection effects.
Due to the projection effect the speeds obtained provide an inac-
curate forecast of geoeffective events originating from the disk
center. The quadrature configuration of STEREO with respect
to the Earth, during the ascending phase of the solar cycle 24
(2009-2013), offered a big advantage in the accurate determina-
tion of plane-of-sky speeds which are close to the true radial
speed of halo events (Bronarska & Michalek 2018). Manual
measurements of height-time data points were performed with
the data of coronagraphs, COR1, COR2, and the heliospheric
imagers, HI1 and HI2, which are part of SECCHI, data available
on UK Solar System Data Centre (UKSSDC)?, to determine the
speed of CMEs. To obtain the most accurate height-time data
points, we employed only the images from STEREO-A or -B,
which showed better quality. Before making this selection for
each event we checked images from both satellites. Among the
25 events, STEREO-A showed good quality for 24 events except
for the event on 31 August 2012. This event originates from the
east hemisphere and therefore STEREO-B is the spacecraft with
a better “side view” of the CME.

During the ascending phase of solar cycle 24 (i.e., 2009—
2013) 46 large SEP events with flux >1 pfu (1 pfu = 1 pro-
ton cm~2 s~ sr7!) in the >10MeV energy band were recorded
(list from Gopalswamy et al. 2015; Pande et al. 2018); 21 events
were excluded as they were interacting or too faint to observe
by STEREO. Interaction occurs when consecutive fast events
hit previous slower events. During these interactions additional
flux of particles can appear. These are complex phenomena, dif-
ficult to study using statistical methods since they require a case
by case analysis. The SEP fluxes were observed by the SEM
instrument on board GOES-13 geostationary satellite recorded in
the National Oceanic and Atmospheric Administration (NOAA)
database’. The energetic protons in the energy bands >10MeV,

! cdaw.gsfc.nasa.gov/CME_list

2 https://www.ukssdc.ac.uk/solar/stereo/data.html
3 https://satdat.ngdc.noaa.gov/sem/goes/data/avg/
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Fig. 1. Heliographic locations of the active regions associated with 25
non-interacting halo CMEs.

>50MeV, and >100MeV were used for this study. We selected
those events when the proton flux is larger than the average back-
ground flux. In the >10 MeV energy band, events with flux value
>1pfu and in the >50MeV and >100MeV bands, events with
>0.1 pfu flux value were selected for the study. The associated
X-ray data were obtained from Solar X-Ray Sensor (XRS) event
files of GOES-15 satellite observations on the NOAA database®.
The soft X-ray flux events recorded in the 1-8 A energy band
were considered for the study. The Hinode Flare Catalogue’
(Watanabe et al. 2012) provides data of the onset time, peak time,
and the class of solar flares.

Based on the above conditions of CMEs and SEPs, we
obtained 25 good events, which are listed in Table A.1. Figure 1
shows the heliographic locations of the active regions associ-
ated with 25 non-interacting halo CMEs considered in our study.
We observe that they mostly originate from the west limb or
disk center. In our sample, one CME is located on the east side
of the solar disk. There were four backside flare events whose
fluxes could not be determined. Gleisner & Watermann (2006)
reported that the characteristics of the observed SEP fluxes are
determined by the strength and spatial structure of the shock. The
shock formation near the Sun is usually indicated by the onset of
type II bursts. The date and time of these shocks can be obtained
from Wind/WAVES type II burst catalog® (Bougeret et al. 1995).
The catalog includes DH type II bursts determined using the data
of WIND/Waves and STEREO.

2.2. Method

In the previous studies, average speeds of CMEs were con-
sidered in the determination of correlation with the associated
SEPs. Unfortunately, CMEs move at variable speeds. Hence,
this technique only approximates the relationship between CME
properties and fluxes of SEP. Therefore, in the present research
we use a different approach to improve the accuracy. In the study
we associate instantaneous ejection speeds with SEP fluxes. For
this purpose, for all considered CMEs, we determined velocity
profiles depending on the time and distance from the Sun. The
velocity profiles, for comparison, were obtained for both SOHO
and STEREO observations. For SOHO observations, we used
the height—time points from the SOHO/LASCO catalog, and

4 https://satdat.ngdc.noaa.gov/sem/goes/data/full/

5 https://hinode.isee.nagoya-u.ac.jp/flare_catalogue/
6 https://cdaw.gsfc.nasa.gov/CME_list/radio/waves_
type2.html

for the STEREO observations we determined the height—time
points ourselves. To determine the instantaneous velocity pro-
files we used linear fits to five height—time data points. Shifting
successively these five points linear fits, we obtain the instan-
taneous profiles of speed in time and in distance from the Sun
(Ravishankar & Michatek 2019). Technically, two neighboring
height—time points are enough to determine the instantaneous
speed, but as manual measurements are subject to unpredictable
random errors, we used five successive points to obtain the
most reasonable results. In addition, we applied a linear fit to
the height—time data points to further minimize the impact of
errors on the determined instantaneous speed. Figure 2 displays
an example of the time and distance variation of CME speed
for STEREO observations. Additionally, we added variation of
Mach number of CME and flux of SEP for three energy channels.
Instantaneous velocities that are also used in our study are clearly
shown in figure. The peak speed, the peak SEP flux, the speed of
the CME at the peak SEP flux, Mach number at the peak CME
speed, and that at the peak SEP flux are shown as blue, black,
red, orange, and green crosses, respectively. We follow the def-
inition of Mach number as the ratio of CME speed to the sum
of Alfvén speed and solar wind speed. The Alfvén speed estima-
tion was produced using the magnetic field and plasma density
models (Dulk & McLean 1978; Leblanc et al. 1998; Mann et al.
1999; Gopalswamy et al. 2001c; Eselevich & Eselevich 2008).

The Alfvén speed is defined as
Va=2x10°%""2B (kms™), (1
where B is the magnetic field strength in gauss and rho is the
number density in cm™3. They can be determined by

B=22r2(G) 2
and
p(r) =33%x 1072 + 4.1 x 10°%7* +8.0x 107® (em™)  (3)

The solar wind profile was obtained from the empirical relation
developed by Sheeley et al. (1997),

VSZW — Ui[l — e /)/ra]’ 4)
where r; =4.5R0, r,=15.2R0, v,=418.7kms™!, and r is the
heliocentric distance in Rgy,. The same procedure was repeated
for the >50 MeV and >100 MeV energy channels.

The protons in the considered energy range need propagation
times of about 69 (10 MeV), 31 (50 MeV), and 22 (100 MeV)
minutes to reach the Earth. This means that the slowest protons
arrive one hour later than the light. Therefore, their detection
is formally delayed by about an hour compared to the observa-
tions carried out by coronagraphs. The delay is about 10 minutes
less because the peaks of SEPs are reached when the CMEs are
at some distance from the Sun. However, for the consideration
of the relationship between SEP flux peak and the maximum
CME speed this problem is completely negligible. This effect
can only be relevant to the correct determination of the speed
of CME at SEP peak. However, as can be seen in Fig. 2 (red
cross), this speed is determined at some distance from the Sun,
where its change is very slow. The CME after reaching the max-
imum velocity propagates at almost constant speed. In one hour
the CME velocity can change by not more than 5%. On the other
hand, the error in determining the speed using a linear fit is about
15% (Michalek et al. 2017). Hence, we have neglected this effect
in our study.
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Fig. 3. STEREO-A and -B configuration with respect to Earth on the days of observation of the first (14 August 2010) and last (28 December 2013)
CME studied in this paper. During these days the spacecraft had an angular separation with respect to the Earth of 80° and 150°, respectively,
marking the quadrature configuration. Images from STEREO orbit tool of the STEREO science center’.

It is important to emphasize why we have tried to use
the data of SOHO and STEREO to determine the speed. The
90° separation of the STEREO twin spacecraft with respect to
the Earth is known as quadrature configuration. This position
proves to be advantageous as the halo CME kinematics can be
observed more accurately. The speeds obtained by STEREO
are closer to the spatial (real) speeds. The SOHO measure-
ments on the other hand can be significantly modified by pro-
jection effects. We would like to compare the outcome of the
results obtained by these two data to determine the correlations.
Figure 3 shows the STEREO spacecraft configuration on the
days of observation of the first (14 August 2013) and last (28
December 2010) CME studied in this paper. During these days
the spacecraft were separated from the Earth by 80° and 150°,
respectively. Since very few energetic CMEs were recorded in
this period, to obtain a sufficiently large number of events we
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had to extend our observations to the end of 2013. In 2013
the location of STEREO satellites differed significantly from
quadrature. From our sample, a majority of the events orig-
inate at western longitudes and they happen after STEREO-
A quadrature, therefore it can be expected that STEREO-A is
the spacecraft that offers a better side view of the CME. On
the other hand, it is worth noting that STEREO observations
have a significant advantage in comparison with SOHO obser-
vations. In terms of field of view, STEREO/SECCHI offers
a wider range of observation, 1.5 Ry,—318 Ry, whereas the
SOHO/LASCO C2/C3 field of view is 1.5 Rg,,—30 Ryun. Hence,
STEREO offers an advantage in studying the CME kinematics
at large distances from Sun, during peak SEP intensities in the
heliosphere.

Our considerations are summarized in Table A.1. In the first
four columns we have date, time, average and the maximum
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velocities of a given CME taken from the SOHO/LASCO cat-
alog. In Cols. 5 and 6 we show the average and the maxi-
mum velocities obtained from STEREO images. Columns 7-9
shows the peak SEP fluxes in the three energy channels. The
next three columns present CME speeds at peak SEP fluxes for
these energy channels. Column 13 gives the Mach number at
maximum CME velocity for STEREO observations. Columns
14-16 show Mach numbers at peak SEP fluxes for the con-
sidered energy channels. We determined Mach number only
for instantaneous velocities of CME by STEREO. The last two
columns present the class and location of solar flares associated
with CMEs from GOES data.

3. Analysis and results

Our study mainly concentrates on the influence of CME speed
on the production of SEPs. Specifically, we wanted to know
the statistics of non-interacting CMEs and the associated SEPs.
Though there were several weak, minor and major SEP events
during the ascending phase of solar cycle 24, we took into con-
sideration only those that had significant intensity above the
background flux value, i.e., >1pfu for the >10MeV energy
band, >0.1 pfu for the >50MeV and >100MeV energy bands.
We utilized both SOHO/LASCO and STEREO/SECCHI data
to study the kinematics of the CMEs but the quadrature
configuration of STEREO during 2009-2013 could provide true
radial speeds. Results of the study are presented in following
sections.

3.1. CME kinematics

The non-interacting CMEs had an average speed range of
365/435kms™' to 2507/1903kms™! and maximum speed
range of 625/1036kms™! to 2843/2764kms~! for SOHO and
STEREO, respectively. Since they are all halo CME:s their sky-
plane widths, as defined by the LASCO CME catalog, are 360°.

Relationships between the considered velocities are pre-
sented in Fig. 4. In Fig. 4, panels a and b show the relation-
ships between the average and maximum speeds determined
in the SOHO images. A similar relationship for the STEREO
images is shown in panels ¢ and d. Solid lines are linear fits to
data points. It can be seen that the average ejection velocities
are strongly correlated with their maximum velocities (panels
a and b) regardless of the instrument used to determine them.
An almost perfect correlation, which is the result of a limited
field of view of the SOHO instruments, appears for the SOHO
observations (panel a). We can see that the maximum veloci-
ties are much higher, on average 79.4%, than the average veloc-
ities in the case of observations from the STEREO spacecraft
(panel b). For the SOHO observations, the maximum velocities
are on average only 18.6% higher than the average velocities.
This result is due to the field of view of the STEREO instruments
used to determine the velocity profiles (COR1, COR2, HI1, and
HI2), which is much larger than the field of view of the LASCO
coronagraphs (C2 + C3). It means that the field of view of the
STEREO telescopes covers the area where CMEs undergo sig-
nificant deceleration due to interaction with the solar wind. For
this reason, the average velocities of the CMEs determined from
the STEREO observations are significantly lower than the other
speeds determined in these studies. We think it important to note
that the determination of instantaneous CME velocities at large
distances from the Sun has no direct relationship with the search
for maximum velocities or velocities at SEP peak, which are

determined relatively close to the Sun. However, fluxes of ener-
getic particles are produced during the entire CME passage to
the Earth, so it is also important to determine their velocities
during the same distance, if possible. In addition, including the
SECCHI Heliospheric Imager field of view to large heliocentric
distances allowed us to show that instantaneous CME velocities
change radically in time and space. In addition, the comparison
of average velocities obtained from SOHO and STEREO clearly
show that the values of these velocities significantly depend on
the instrument with which they were determined, i.e., number of
height—time points. The velocities obtained in this way must be
treated with some caution.

Correlations between the speeds for these two instruments
are slightly smaller. The correlation coefficients are respectively
0.83 and 0.76 for the average and maximum speeds. In this case
the wider dispersion of speeds is the result of being determined
from two different spacecraft (SOHO and STEREO) that observe
the Sun at different positions and fields of view. For the same
reason as described in the paragraph above, the average speeds
for SOHO are 31.7% higher and the maximum speeds are 8.7%
lower than those registered for STEREO.

Figure 5 shows relations between respective speeds of CME
and X-ray peak fluxes of the associated solar flares in the wave-
length range 0.1-0.8 nm. The left panels present results for
STEREO and the right panels for SOHO. Additionally, we sep-
arated the sample into disk and limb events according to their
longitude. We see that the intensities of X-ray flares are not
correlated with speeds recorded in the SOHO/LASCO corona-
graphs. Correlation coefficients are poor (<0.25). Due to projec-
tion effects, the disk events are mostly shifted to the left. This
shows that, on average, disk events have much lower veloci-
ties in comparison to the limb events. For STEREO observa-
tions the results are different (panels a and b). Correlation coeffi-
cients are significantly larger (>0.4) and velocities of disk events
are less scattered in STEREO than SOHO at wider velocity
ranges.

3.2. Location and SEP events

Figure 6 displays scatter plots of average velocity (panel a),
maximum velocity (panel b), and velocity at SEP peak flux
(panel c) versus longitude of location of X-ray flare associ-
ated with respective CMEs. In the two upper panels, diamonds
and stars show velocities for SOHO and STEREO, respectively.
In the bottom panel, colors are assigned to SEP peak flux
in the energy channels (>10MeV (red), >50MeV (blue) and
>100MeV (green). This selection of colors is kept throughout
the paper. It is interesting that for the all the considered velocities
(for the three panels) we can distinguish three different ranges
of longitudes. CMEs originating close to the disk center (longi-
tude < 35°) have comparatively low velocities. For events origi-
nating in the longitude range between 35° and 65° we observe a
significant increase for the all the considered velocities. Since the
increase in velocity does not depend on instrument and is rather
an estimated velocity, we can assume that the projection effect
is less significant for ejections moving at angle ~45° relative to
the observing instrument. For limb events (longitude >90°) the
velocities decrease to values observed for the disk center events.
This conclusion is proved by the results presented in Fig. 7. In
this figure we show a scatter plot of SEP peak flux versus longi-
tude of X-ray flare. We do not see any clear variation in inten-
sities of SEP with location of active regions on the Sun. The
disk and west limb events can produce SEP events with fluxes
~100 pfu in the 10 MeV energy channel.
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3.3. Velocity and SEP intensities

In the present study, our main aim is to determine the rela-
tionship between CME speeds and SEP intensities. The moti-
vation is derived from the previous studies where it is shown
that CME speeds mostly affect SEP intensities. Figure 8 shows
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scatter plots of SEP peak fluxes in the three energy channels ver-
sus the average and maximum speeds of CMEs. The left pan-
els (a and c) present results for STEREO and the right panels
(b and d) for SOHO observations. The linear fits are suitable
for almost all the scatter plots except for the CME maximum
velocity versus the >10 MeV SEP peak flux in panel c. The


https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202037528&pdf_id=4
https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202037528&pdf_id=5

A. Ravishankar and G. Michalek: Non-interacting coronal mass ejections

o)
Longitude (deq)

3000 =
% 2500 E— —E
g 2000 E— © o % X —E
§ 1500 z— o é PN & © < —z
& = o <& <O N % =
; 1000 ¥ o > O o0 < % K =
* s0 E— x KK v &%%g % % K x _E
-50 o 50 100
3500 =
; 2500 F— O %% —
S 2000 z— K > < &> % i _z
E 1500 z— 26 K % * w %O > %> * <& _z
€ 100 o wRES  * o * 3
2 500 z— <& _z
. -50 o 50 100
o 2500 -
<5 2000 ; O _ é
& 1500 - & . =
%] — |
5 E — @) o =
>. 1000 — O = @) -
:é = < go < & o & & X <> =
< s00— < o o <& —
w E -
3 -50 50 100

Fig. 6. Scatter plots of average velocity, maximum velocity, and CME velocity at SEP peak flux vs longitude of the active regions associated with
the respective CMEs. In the two upper panels, diamonds and stars show velocities for SOHO and STEREO, respectively. In the bottom panel,
colors are assigned to the SEP peak flux in the energy channels: >10MeV (red), >50 MeV (blue), and >100 MeV (green).

WOOOO.OOE T T T T T T T T T T T T T T T T T E

% N ]
N; 1000.00 > =
(@] E > E
~ C ]
Al B o ]
; 100.00 §_ - - - . _§
. - @ o 3
§ B N “ < o o ]
[N O o 06

10.00 - - —
8 = c o C o 3
© C C 3
5 B <>%<> © N ]
a - @) o
© 1.00 - o . ) =
© = o - C 3
2 C @] 8 3
@ O
< I - -
L
C 0.10 =
O oy =
ko) - 3
(f) I —

0.01 . . | . L L L | L L L L | L L L L
—50 0 50 100

Longitude (deg)
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quadratic fit represents the profile variation correctly. The dia-
grams show a few interesting results. The considered velocities
are well correlated with SEP peak fluxes. The CME velocities
are the best correlated (from 0.716 up to 0.810) with SEP fluxes
in the >10 MeV energy channel (in red). The poorest correlations

are for the most energetic protons in the >100 MeV energy chan-
nel (in green) from 0.562 up to 0.665). Correlations between the
velocities of CME and maximum fluxes of protons are poorer for
SOHO observations than for STEREO data. They are similar for
the average and maximum speeds. In the case of STEREO data
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we observe significant correlation between the maximum speed
and the intensitiy of protons. Correlation coefficients are equal
to 0.810, 0.756, and 0.665 for protons at energy channels >10,
>50, and >100MeV, respectively. The respective correlation
coefficients are about 0.05 larger than those obtained from
STEREO data for the average velocities.

During the gradual SEP events energetic particles are pro-
duced continuously by shocks generated by fast CMEs moving
in the interplanetary space. At the time when the velocity of the
CMEs reaches the Mach number in the solar wind, they start
to produce energetic particles. From that moment we observe
a systematic increase in fluxes of energetic particles. At some
point, the intensities of the particles reach their maximum val-
ues, which depends on two factors: speed of ejection of CME
and their magnetic connectivity with the Earth. The best nomi-
nal magnetic connectivity with the Earth corresponds to a CME
originating around W60 on the solar disk. For these bursts, the
energetic particles reach the maximum flux quickly after their
eruption from the Sun. In the case of ejections located in the
center of the solar disk or on its eastern part, which are not well
connected magnetically to the Earth, the maximum intensity of
energetic particles is achieved much later, i.e., when ejections
expand enough so that their fronts are well connected magneti-
cally to the Earth. At the same time, when the ejection expands,
its speed decreases. This means that when we observe the max-
imum intensities of energetic particles, the ejection speed may
be much lower than their maximum value. This can be clearly
observed in Fig. 2. It is worth noting that while analyzing
the time of maximum SEP fluxes, the interplanetary scattering
effects are not taken into consideration. In addition, the possible
influence of the angular separation between the magnetic foot-
point of the observing spacecraft and the source active region is
not inspected. In this context, the instantaneous ejection speeds
recorded at the time of maximum particle energy fluxes should
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be the better indicator of fluxes of SEP events than their maxi-
mum velocities. Therefore, scatter plot of CME speeds observed
at the SEP peak fluxes versus SEP peak fluxes are presented in
Fig. 9. For all three energy channels we noted significant corre-
lation between these parameters (0.835, 0.831, and 0.719 for the
>10, >50, and >100 MeV energy channels, respectively). This
clearly indicates that instantaneous velocity at the peak of proton
flux is the best indicator of intensities of particle events. Addi-
tionally, for STEREO observation we determined Mach numbers
for the respective instantaneous velocities. Mach number is one
of the most significant parameters determining the efficiency of
acceleration of particles in the shock vicinity (Li et al. 2012a,b).

Figure 10 shows scatter plots of CME Mach number at
the SEP peak flux (left panel) and CME Mach number at the
maximum CME speed (right panel) versus maximum of SEP
flux for the three energy channels. From the figure we see that
SEP fluxes are significantly correlated with CME Mach num-
ber obtained when particle fluxes reach maximum values. The
correlation coefficients are similar to those obtained for veloc-
ities at the SEP peak fluxes (0.835, 0.831, and 0.719 for >10,
>50, and >100MeV energy channels, respectively). The CME
Mach number obtained at the maximum CME speeds are less
correlated with proton intensities. It is important to notice that
CME Mach numbers are obtained from the theoretical model
and only approximate the true values.

3.4. Associated flares and SEP events

As mentioned earlier, energetic particles can be generated by
flares or shock waves generated by CME:s. It is therefore nec-
essary to examine whether flares associated with CMEs affect
the intensity of the observed protons. Figure 11 shows a scat-
ter plot of X-ray peak flux versus SEP peak flux. We do not
find any significant correlation between these parameters. This
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means that the flares do not have a significant effect on SEP
intensities. Correlation coefficients are <0.3 for the three energy
channels. However, it is important to note that intensities in the
>10MeV energy channel are predominantly accelerated by the
CME shock (Xie 2019). They are most significantly correlated
with instantaneous CME velocities, but completely uncorrelated
with intensities of X-ray flares. The situation is a little differ-
ent in the case of the higher energy protons of the >50 and
>100MeV energy channels. These show lower correlation, as
was shown in the previous paragraph, with instantaneous CME
velocities compared to >10 MeV protons. From Fig. 11, for high
energy protons of >50 and >100MeV, we find a poor correla-
tion with the intensity of X-ray flares. In addition, we sometimes
observe that the peaks of SEP particles in the >50 and >100 MeV
energy channels appear earlier than the CME peak velocity and
>10MeV SEP peak flux. These observations may indicate that
the >50 and >100 MeV protons are mostly accelerated by shock

waves generated by fast CME, but flares may be partly involved
in their acceleration process as well, especially in the first phase
of their ejections producing seed particles.

4. Conclusions

We studied the kinematics of 25 CMEs and their associated SEPs
and X-rays during the ascending phase of Solar Cycle 24. The
CME data were obtained from instruments on board two separate
spacecraft, SOHO/LASCO and STEREO/SECCHI. We chose
the ascending phase of Solar Cycle 24 (2009-2013) because
the STEREO twin spacecraft were near quadrature configuration
with respect to the Earth. This position offered a big advantage
in the accurate determination of the plane-of-sky speed, which
is close to the true radial speed of halo events. We were also
able to compare results obtained from the two different points
of view of SOHO/LASCO and STEREO/SECCHI. Additionally,
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STEREO/SECCHI offers a wider range of observation, 1.5 Rgyn—
318 Rgun, whereas the SOHO/LASCO C2/C3 field of view is
1.5 Ryun—30 Run. Hence, STEREO offers an advantage in study-
ing the CME kinematics at large distances from Sun, during peak
SEP intensities in the heliosphere. In the study we employed
a new approach. From the height-time points we determined
variations of CME speed in time and distance from the Sun.
With these velocity profiles we were able to determine CME
speeds at any time during their expansion in the interplanetary
space. For SOHO observations, we used the height-time points
from the SOHO/LASCO catalog, and for the STEREO/SECCHI
observations we determined the height-time points manually.
To determine the instantaneous velocity profiles we used linear
fits to five height-time data points. Shifting successively these
five-point linear fits, we obtained the instantaneous profiles of
speed in time and in distance from the Sun. They formed the
basis of our research. Using our method we selected 25 non-
interacting CMEs associated with SEP events >10, >50 and
>100MeV energy channels. Their properties are summarized in
Table A.1.

Analyzing the observational data, we obtained the following
interesting results.

— As is shown in Fig. 4, the considered velocities are well cor-
related. Due to different positions and field of view they dif-
fer slightly between instruments.

The CME maximum and average velocities obtained by
STEREO/SECCHI are moderately correlated with intensi-
ties of associated X-ray flares (Fig. 5). We do not observe
this correlation for the data obtained from SOHO.

The results also show that the considered velocities increase
for events having longitudes in the range from 35° to 65°.
This seems to be due to a decrease in projection effects.

The focus of the research was to determine the correlation
between instantaneous CME speeds and intensities of ener-
getic particles. We demonstrated that all the considered CME
velocities are well correlated with intensities of energetic
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our sample analyzed by STEREO-B as it exhibited good quality.

proton for the three energy channels. However, the most
significant correlation, as we expected, was recorded for
velocities determined at the SEP peak fluxes. In this case,
the correlation coefficient reached 0.835 for the >10MeV
energy channel. Similar results were obtained in the case of
CME Mach numbers determined at the SEP peak fluxes.
The good correlation obtained for fluxes of protons in the
>10MeV energy channel supports the hypothesis that the
protons are predominantly accelerated by shock waves gen-
erated by fast CMEs propagating in the interplanetary space.
The >50 and >100 MeV energetic particles are also mostly
accelerated by the same shock waves, but a partial contri-
bution by the associated flares can be also involved in their
acceleration.

Our results support the hypothesis that energetic particles
observed in the considered energy range are predominantly accel-
erated by CME shock. Nevertheless, as stated by Miteva et al.
(2013), the correlation between SEP intensities and CME speed
or X-ray intensity is not sufficient to completely deny combined
participation of both CME-related and flare-related acceleration
due to the interdependence of the two phenomena.
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Table A.1. Observational parameters of 25 CMEs and the associated SEPs and Flares during the period 2009-2013.

SOHO CME [km/s] STEREO CME [km/s] Peak proton flux (pfu) CME speed at peak proton flux [km/s] Mach at Mach at peak proton flux Solar flare
# Date and time  Vavg Vmax Vavc VMAX >10MeV >50eV >100MeV >10MeV >50MeV  >100MeV VMax >10MeV >50MeV  >100MeV Class Location
1 20100814 10:12 1204 1409 609 1290 13.371  0.3829 - 893 733 - 1.04 1.08 0.76 - C44 NI17W52
2 2011021502:24 669 837 576 1223 2.4200 - - 530 - - 0.97 0.88 - - X2.2 S20W12
3 20110307 20:00 2125 2454 1054 2103 48.665  0.7609 - 934 857 - 1.73 1.83 1.67 - M3.7 N30W48
4 20110607 06:49 1255 1368 974 1930 43.959  13.556 4.3137 1429 1429 1429 1.37 2.27 2.27 2.27 M25 S21W54
5 20110802 06:36 711 936 651 1159 2.7207  0.2323 - 747 866 - 1.53 1.29 1.24 - Ml1.4 NI14W15
6 20110804 04:12 1315 1620 1570 2756 77.155  8.3902 1.7458 1461 1496 1540 235 2.76 2.63 2.63 M9.3 NI9W36
7 20110809 08:12 1610 1794 1519 2505 24.123  8.2908 2.6508 1384 1663 2035 2.03 231 1.76 1.92 X6.9 NITW69
8 20110906 02:24 842 1037 435 1036 2.2524  0.3895 - 499 499 - 0.66 0.67 0.67 - M5.3 NI14W07
9 20110906 23:05 574 942 626 1246 8.0393  1.4613 0.3242 714 709 709 1.60 1.22 1.11 1.11 X2.1 NI4WI8
10 20111126 07:12 932 1123 933 1444 72.034  0.4702 - 831 766 - 1.86 1.63 1.44 - M4.0 N11W47
11 2011122518:48 365 625 556 1060 3.1043 - - 568 - - 1.44 0.89 - - M4.0 S22W26
1220120127 18:27 2507 2843 1903 2764 794.04  46.492 11.699 1756 1461 1861 2.85 3.36 2.69 3.14 X1.7 N27W71
1320120313 17:36 1884 2144 1700 2357 467.56  17.826 1.8739 1668 1958 1785 1.74 2.72 2.71 2.63 M7.9 NI7TW66
14 20120517 01:48 1581 1786 1124 2048 207.56  76.123 19.386 1251 1850 1583 1.24 1.95 2.27 2.09 M5.1 N11W76
15 20120614 14:12 986 1151 677 1262 0.9552 - - 560 - - 1.35 1.02 - - M1.9 SI7E06
16 20120706 23:24 1828 2074 1454 1578 25.241 1.7187 0.3686 1155 1155 1155 2.36 1.92 1.92 1.92 X1.1  SI3W59
17 20120712 16:48 885 945 675 1723 77.968  0.6569 0.2459 789 1032 1341 1.25 1.29 143 1.38 X1.4 SI5W01
18 2012071905:24 1630 1773 1190 2031 74575 4.7952 0.7291 1154 999 1186 235 2.16 1.77 1.93 M7.7 S13W88
19 2012083120:00 1441 1518 969 1619 30.671 - - 889 - - 1.21 1.85 - - C84 SI9E42
20 20120928 00:12 947 1270 708 1496 28.363  0.7662 0.1498 814 759 880 1.26 1.31 1.25 1.38 C3.7 S06W34
21 20130411 07:24 861 1099 600 1498 9.2449 52834 1.9079 808 808 808 1.04 1.12 1.01 1.01 M6.5 NO7EI12
22 2013042107:24 919 1103 667 1080 3.1845 - - 667 - - 0.66 1.06 - - B8.7 NI4Wl1l1
23 2013092922:12 1179 1419 564 1652 16.315  1.6996 0.1556 861 721 635 1.24 1.49 1.28 1.16 Cl.2 NI10W33
24 20131107 00:00 1033 1530 666 1145 6.3445 - - 753 - - 1.09 1.17 - - M1.8 S11W88
25 20131228 17:36 1118 1247 677 1415 28900  1.1433 0.2608 808 779 861 1.14 1.30 1.20 1.24 C9.3  SI8E07
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