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Abstract—Solar protons in eruptive flares are stochastically accelerated in a wide spatial angle, and then they
are effectively kept behind the expanding coronal mass ejection (CME) front, which can either bring protons
to the magnetic-field line going to a remote observer or carry them away. We consider 13 solar proton events of
cycle 24 in which protons with energy £ > 100 MeV were recorded and were accompanied by the detection of
solar hard X-ray (HXR) radiation with £ > 100 keV by an ACS SPI detector and y-radiation with £ > 100 MeV
by the FermiLAT telescope with a source in the western hemisphere of the Sun. The first arrival of solar pro-
tons into the Earth’s orbit was determined in each event by a significant “proton” excess over the ACS SPI
background during or after the HXR burst. All events were considered relative to our chosen zero time (0 min)
of parent flares. The “early” arrival of protons to the Earth’s orbit (<+20 min), which was observed in four
events, corresponds to the “fast” acceleration of electrons (10 MeV/s). The “late” arrival of protons (>+20 min)
corresponds to the “slow” acceleration of electrons (1 MeV/s) and was observed in six events. In three events,
a “delayed” arrival of protons (>+30 min) was observed, when the CME propagation hindered the magnetic
connection of the source with the observer. The direction of CME propagation is characterized in the catalog
(SOHO LASCO CME Catalog) by the position angle (PA). The observed PA systematizes the times of the
first arrival of protons and the growth rate of their intensity. The PA parameter should be taken into account

in the analysis of proton events.
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INTRODUCTION

The time of the arrival of the first solar protons (SP)
in the Earth’s orbit is one of the key parameters of a
solar-proton event (SPE), which makes possible to
estimate (within a model of proton propagation in the
interplanetary medium) the first instant of their
release from a source near the Sun to the magnetic-
field line connecting the source to the observer.
Knowing the time and location of proton release from
the source, it is possible to make a choice in favor of
one or another SP acceleration mechanism. The SP
source is understood as the surface, crossing which the
protons begin to propagate along the field lines of the
Parker spiral in the solar wind. In propagation models,
the source of solar cosmic rays (SCR) is described by
the injection function J(R, ©, @, E, f), which specifies
the number of particles emerging from a unit surface at
point R into a spatial angle (©, @) in the energy range
dFE perunit time dt. The SCR source is the result of the
processes of acceleration and propagation of particles
in the solar corona. Observational data show that the
SCR source is long-lived and spatially distributed.

At present, there are two different views regarding
where the SPs are accelerated (for example, [1—4]): in
the lower corona during flares or high in the corona by
the shock wave of a coronal-mass ejection (CME).
Different acceleration processes imply different
modes of propagation in the corona, i.e., different
properties of sources (injection functions). An argu-
ment in favor of acceleration by the CME shock wave
is the late arrival of SPs to the appropriate magnetic-
field line relative to the flare time [5—7] and the large
angular distance between the flare position and the
base of the favorable field line or the site of generation
of y-radiation in behind the limb flares, for example,
like September 29, 1989 [8]. To explain the same
observational facts in the case of SP acceleration in
flares with characteristic times and angular sizes that
were considered small, the hypothesis of coronal SP
propagation [9] and the hypothesis of long-term SP
acceleration or capture in the posteruptive phase of
flares [3, 10] were invoked.

Before the first FermiLLAT observations of y-radia-
tion with £ > 100 MeV, images of a possible SP source
were not available. FermiLAT observations [11—13]
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showed long-term 7y-radiation with £ > 100 MeV
emerging directly from the flare region, which indi-
cated SP interaction with the production of 7, mesons
in the solar atmosphere. This localization of y-sources
has become an additional argument in favor of the SP
acceleration in flares. However, subsequent Fermi-
LAT observations of y-radiation with £ > 100 MeV
from behind the limb flares [14], when the angular dis-
tance between the flare and the source of y-radiation
was greater than 40° (similarly to [8]), again cast doubt
on the flare origin of SPs [15, 16].

A separate class of SPEs consists of events accom-
panied by a ground-level enhancement (GLE) of
intensity of secondary CRs recorded in the lower lay-
ers of the Earth’s atmosphere. A CR cascade can be
detected on the Earth’s surface if the primary nucleon
energy exceeds ~400 MeV (atmospheric cutoff thresh-
old) and the average energy of solar protons in the
spectrum is >1 GeV. Since the propagation effects are
minimal at high SP energies, it is believed that the
GLE onset most accurately indicates the time when
protons exit the source into interplanetary medium
(IPM) (according to the estimates of [4], the SP prop-
agation time error is =1 min). The atmospheric cutoff
threshold only slightly exceeds £ = 266 MeV, which is
the threshold energy for the generation of 1, mesons.
Therefore, cases of detection of y-radiation with £ >
100 MeV (FermiLAT) and GLE events should cor-
relate with each other if the same population of parti-
cles interacts on the Sun and in the Earth’s atmo-
sphere, i.e., under favorable propagation conditions
and one acceleration mechanism.

The y-radiation maxima with £> 100 MeV recorded
by FermiLAT coincide with the HXR radiation maxima
in the energy range 100—300 keV recorded by Fer-
miGBM within a few seconds. This coincidence
implies a single process of acceleration and propagation
of both ions (protons) and electrons [13]. It also turned
out that the time profiles of electrons and protons with
comparable relativistic factors (the ratio of the particle
velocity to the speed of light V/c) are similar [17, 18],
and relativistic electrons with £ ~ 10 MeV cannot be
accelerated by shock waves [19]. It follows from the
above that the acceleration of protons by CME shock
waves cannot be the predominant mechanism of
energy gain [17, 18], otherwise GLE events would be
observed much more frequently.

In our opinion, solar electrons with £> 1 MeV and
protons with £ > 100 MeV are accelerated stochasti-
cally (in a multitude of elementary acts with character-
istic times much shorter than the entire acceleration
process) in eruptive flares with a duration of more than
10 min against the background of CME acceleration
(the time of maximum energy release) [20]. The
beginning of the CME acceleration can be considered
as the beginning of an increase in the emission mea-
sure in the presence of radio emission at frequencies
below 1415 MHz [21, 22].
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Fig. 1. Scheme of the development of an eruptive flare
according to our view.

The traditional approach to the search for the
acceleration mechanism is as follows: knowing the
time and location of proton exit from the source, one
can make a choice in favor of one or another SP accel-
eration mechanism [4]. On the other hand, by specify-
ing certain (physically substantiated) properties of the
acceleration process on the Sun, one can search for
confirmation of the chosen acceleration process in
SCR observations in the IPM and specify the details of
the propagation processes in the corona and in the
IPM. This is the approach used in our work.

PROPERTIES OF THE SOURCE
OF SOLAR PROTONS
UNDER STOCHASTIC ACCELERATION

Figure 1 shows an approximate scheme of the
development of an eruptive flare according to our
views with the designation of characteristic altitudes.
The maximum angular size of the loop system is the
size of the maximum magnetic dipole during the flare
(with successive involvement of dipoles of different
sizes from smaller to larger in the flare process). In this
case, accelerated particles easily fill an increasingly
larger spatial angle, which is coronal propagation
during the stochastic acceleration.
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Study [17] is based on the idea that the simultane-
ous acceleration of electrons and protons should not
violate the condition of electrical neutrality of plasma
and so the number of electrons and protons accelerated
to the same velocities should be comparable. In this
case, a “proton” flare (appearance of interacting pro-
tons with £> 10 MeV) should begin at a plasma electron
temperature of ~17 MK (protons with £ ~ 3 MeV are
equivalent in velocity to electrons with £ ~ 1.5 keV),
and the start of generation of ©, mesons will be pos-
sible at an electron energy of ~150 keV (protons with
E ~ 300 MeV are equivalent in velocities to electrons
with £~ 150 keV), i.e., against the background of HXR
radiation with £ > 100 keV.

There are observational data that show the acceler-
ation time of electrons to a kinetic energy of ~100 keV
on the order of ~400 ms [19]. There are also delays
between HXR bursts at different electron energies (20,
50, 100, 200, and 300 keV) on the order of tens of mil-
liseconds, which may be due to the acceleration time
(see review [23] and references therein). Therefore,
the time required for protons to reach £ ~ 200 MeV
will be ~1 min when electrons are accelerated to a
kinetic energy of ~100 keV in 40 ms (“fast” accelera-
tion) or ~10 min when electrons are accelerated to
~100 keV in 400 ms (“slow” acceleration). If the
onset of microwave radiation at 8.8—15.4 GHz is
taken as zero time in solar events (it usually coincides
with the appearance of a significant signal of HXR
radiation with £ ~ 100 keV), the expected time of
arrival of protons with £ ~ 200 MeV (V/c = 0.57) to
the Earth’s orbit will be ~11 min (~21 min, respec-
tively) when propagating without scattering along the
Parker spiral to the Earth (1.3 AU, with the solar-
wind speed being 300 km/s). Thus, the uncertainty of
the characteristic time of solar electron acceleration
up to £ ~ 100 keV determines the uncertainty of the
time of the first arrival of SPs with £ ~ 200 MeV to
the Earth’s orbit and is about 10 min.

Also, when the first arrival of SPs is detected by
energy-integrated detectors, there is an uncertainty in
the time of the first arrival of SPs associated with the
velocity dispersion. Let us estimate the maximum pro-
ton acceleration time from £ ~ 100 to ~500 MeV, which
will allow protons with £ ~ 500 MeV (V/c = 0.75) to
arrive before protons with £~ 100 MeV (V/c = 0.43).
When propagating without scattering along the Parker
spiral to the Earth (1.3 AU, with the solar-wind speed
being 300 km/s), the propagation time of protons with
E ~500 MeV (V/c = 0.75) will be ~15 min, and for pro-
tons with £ ~ 100 MeV (V/c = 0.43) it will be ~25 min.
Thus, the maximum acceleration time for protons with
E from ~100 to ~500 MeV must be less than ~10 min for
the velocity dispersion not to be observed.

These estimates determine the choice of zero time
for the analysis of phenomena associated with solar
flares, as well as the criteria for “early” (<+20 min)
and “late” (>+20 min) arrival of SPs into the Earth’s
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orbit relative to zero time. In the case of a “fast” mode
of electron and proton acceleration, the first SPs with
E > 100 MeV will be observed on Earth 10 min after
our chosen zero point (possibly, simultaneously or
later than protons with £ > 500 MeV). In the case of a
“slow” mode of electron and proton acceleration, the
first SPs with £ > 100 MeV will be observed on Earth
in 20 min. Both options can potentially be accompa-
nied by a GLE, but at different times relative to the
chosen zero.

The estimate of the proton-acceleration region
(with angular size @, the source of y-radiation with £ >

100 MeV) will be ¢ = 2arccos(R; 1) of approximately
49°—74°, where R, = (1.1 —1.25) Ry is the heliocentric
distance to the maximum altitude of the development
of the flare event (the CME breakaway point), and

R is the solar radius. Indeed, GLE events are
observed in the latitude range of +30° from the equa-
tor [24], which apparently corresponds to height of the
proton source H ~ 0.15 Rg ~ 110 Mm. These estimates
agree with the results of the statistical analysis [25],
which showed that the longitudinal distribution of
GLE events is approximated by a Gaussian in the
range of longitudes from ~E 90° to ~W 150° with a
maximum at ~W 60°, which almost coincides with the
nominal position of the base of the favorable field line
~W 55°in a quiet solar wind.

Traditionally, such spatially distributed sources are
associated with acceleration on CME shock waves
rather than acceleration of particles in the magneto-
sphere of the active region, where intense energy
release (multiple reconnection) occurs, accompanied
by CME acceleration. Both in the case of acceleration
by shock waves and during stochastic acceleration in
flares, protons are kept behind the CME front, and the
size of the SP source increases as the CME acceler-
ates, but the nature of the acceleration is different [17,
18, 20]. In any scenario, the coronal propagation of
SCRsis the result of an increase in the spatial angle of
the CME front in powerful eruptive flares (the forma-
tion of Halo-type CMESs). The development of our
hypothesis of the origin of SPs lies in the fact that the
CME is capable of both bringing accelerated protons
to the field line directed to the observer and carrying
them away. In this case, the direction of CME propaga-
tion, which is characterized by parameter PA (position
angle) measured from north in a counterclockwise
direction. The CME propagates in the plane of the
ecliptic of the western solar hemisphere at PA ~ 270°.
The angle values other than this worsen the conditions
for the SP propagation.

The observed delay in the first arrival of SPs rela-
tive to the above estimates and the slow increase in
their intensity correspond to the late crossing of the
favorable field line by the region of proton sources and
difficult access to it in the future (transfer of the SPs
across the field lines). In this case, it is necessary to
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speak about both the longitudinal and latitudinal cor-
onal propagation of CMEs and SPs. The time of the
first detection of SPs depends on the background
count of the detector and the rate of increase in the
intensity of the proton flux at the observation point.
The late arrival and the slow increase in intensity can
have the same cause—the presence of obstacles for the
exit of particles to a favorable field line. The CME
front can be such an obstacle.

Considering various proton events accompanied by
FermiLAT detection of y-radiation with £ > 100 MeV
[26], it is easy to find cases in which the times of the
first arrival of SPs relative to the onset of CME accel-
eration differ significantly with almost the same loca-
tion of parent flares relative to the Earth, taking into
account the possible width of the SP source. At the
same time, judging by the videos of the LASCO coro-
nagraph in the public domain, the early arrival of SPs
corresponds to the initial propagation of CMEs in the
ecliptic plane, and their delayed arrival corresponds to
the initial propagation of CMEs outside the ecliptic
plane. In addition, we take into account the influence
of the position of the flare on the solar disk, the direc-
tion of CME propagation during the first arrival of the
SPs to the Earth’s orbit, and the growth rate of their
intensity in the selected events.

TOOLS AND SELECTION OF EVENTS

We have considered the list of events from [28].
The study included all 13 SPEs of solar cycle 24 from
the western solar hemisphere in which protons with
E > 100 MeV were detected, the parent flares of which
were accompanied by y-radiation with £ > 100 MeV
[26—28]. The conclusions drawn in our study on the
basis of 13 events of cycle 24 are verified using the
examples of the last GLE event of cycle 23 (December
13, 2006 [29, 30]) and the first GLE event of the cur-
rent cycle 25 (October 28, 2021 [31, 32]). Most of the
events that we selected were already studied by other
authors, but they advocated the SP acceleration by the
CME shock wave, for example, [16, 33, 34].

The main characteristics of events relative to zero
time are given in Table 1; the solar data are taken from
the files YYYYMMDDevents.txt (https://cdaw.gsfc.
nasa.gov/CME _list/NOAA/org_events_text/). As a
result, the events selected for the study included: the
only two GLE events of cycle 24 (GLE 71 on May 17,
2012 20, 27, 33, 34], and GLE 72 on September 10,
2017 [17, 35, 36]); eight events associated with known
flares or SPEs (M3.7 on March 7, 2011 [11, 13, 21],
M2.5 on June 6, 2011 [11, 13], X6.8 on August 9, 2011
[18, 20, 22, 33, 34], X1.7 on January 27, 2012 [33, 34],
X1.1 onJuly 6, 2012 [33, 34], January 6, 2014 [14, 37],
January 7, 2014 [38], and X9.3 on September 6, 2017
[17, 21, 28]; one event each from cycles 23 and 25 and
three little-known SPEs from cycle 24 (one of them is
the event of June 25, 2015 [28], which is not on any of
the graphs, since the onset of the proton increase was
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later than +60 min). All events are analyzed relative to
the selected zero time—the onset of microwave radio
emission at frequencies of 8.8 or 15.4 GHz, just as we
did, for example, in [17, 18, 20, 21]. In the absence of
data at these frequencies, other available data are taken
as zero; for example, the onset of type 11 radio emission
is taken for the behind-the-limb event on January 6,
2014. For the event of October 28, 2021, in which
microwave radiation apparently did not exceed the
threshold detection intensity (https://cdaw.gsfc.nasa.
gov/CME _list/NOAA/org_events_text/), the onset of
radio emission at 610—245 M Hz is selected as zero time.

The time of the first arrival of SPs into the Earth’s
orbit is considered as the onset of a significant increase
in the count rate of the anticoincidence shield of the
spectrometer on the INTEGRAL satellite (ACS SPI)
concurrently or after a burst of solar HXR radiation [17,
18, 20, 21, 29]. The ACS SPI detector records HXR radi-
ation with £ > 100 keV and protons with £ > 100 MeV
and is an efficient but not calibrated detector. The
ACS SPI data are available online (https://isdc.unige.
ch/~savchenk/spiacs-online/spiacspnlc.pl) with a
time resolution of 50 ms. With 1-min smoothing and
background subtraction, the ACS SPI count rate of
less than ten counts per 50 ms becomes significant. We
use the ACS SPI detector to study the relationship
between solar flares and proton events.

The CME information is taken from the SOHO
LASCO CME Catalog (https://cdaw.gsfc.nasa.gov/
CME _list/). Our table shows the times of the first and
second times of detection of the position of the CME
(1, and 1), its average velocity V,, and the velocity of
propagation from the first to the second recorded
position V),, as well as the PA for these time points.
The fields of view of LASCO coronagraphs C2 and C3
overlap, but coronagraphs C2 and C3 do not take
frames simultaneously, so the time between #, and #,
may not match the frame duty cycle of 12 min.

RESULTS AND DISCUSSION

The division of events into “fast” and “slow”
according to the character of the intensity increase is
explained in Fig. 2. The early arrival of protons cor-
responds to the expected arrival of protons with
E ~ 200 MeV during propagation without scattering
between +10 and +20 min in the case of “fast” accel-
eration. The behind-the-limb event of January 6,
2014, with a GLE on one neutron monitor (NM)—
subGLE [37]—shows that an “early” arrival of protons
at +13 min with an unfavorable location of the flare (it
is necessary to traverse more than 40° to the east in
longitude to reach a favorable field line) is possible.
Therefore, all proton enhancements with time profiles
“to the right” of the proton event profile on January 6,
2014, will be considered “slow,” and “to the left” will
be considered “fast.”
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Table 1. Some characteristics of solar-proton arrival events

GRIGORIEVA et al.

E
No. A B m(i:n m]?n min dlzg < S’ >
km/s
1 |Dec. 13,2006 | SO6W35 X3.4 +17.5 +28 +33/+57 193/192 S6 < S77
02:21 UT 1774/1869
2 |Mar.7,2011 |N24W60 >+45 No +13/+25 315/311 N24 < N45
19:47 UT M3.7 2126/1845
3 |June 7, 2011 S21W54 +20 No +24/+31 238/247 S21 < S32
06:25UT M2.5 1255/1655
4 | Aug. 4, 2011 N19W36 +25 No +23/+29 296,/289 N19 < N26
03:49 UT M9.3 1316/1547
5 |Aug.9,2011 |N17W69 X6.8 +10 No +11/+23 279/279 N17 > N9
08:01 UT 1610/2202
6 | Sep. 6, 2011 N14W18 +26 No +45/+52 295/286 N14 < N25
22:20 UT X2.1 575/908
7 |Jan. 27,2012 | N27W71 +20 No +17/+28 292/294 N27 = N22
18:10 UT X1.7 2505/1793
8 |May 17,2012 | N13W87 M5.1 +10 +13 +18/+30 268/264 N13 > S02
01:30 UT 1582/1757
9 |July 6, 2012 S17W50 X1.1 +20 No +21/+27 237/227 S17 < S33
23:03 UT 1829/3278
10 |Jan. 6,2014 | SO8WI110 <+13 +13 +15/+27 261/267 S8 = S9
07:45UT [14] [37] 1400/1757
11 |Jan. 7,2014 |S15W11 +45 No +19/+31 231/231 S15< S39
18:05 UT X1.2 1831/2234
12 | June 25,2015 |NO9W42 No No +24/+36 323/327 N9 < N53
08:12 UT M7.9 1627/2030
13 | Sep. 6, 2017 S09W42 X9.3 +26 No +30/+36 205/205 S9 < S65
11:54 UT 1569/2050
14 | Sep. 10,2017 | S09WI1 X8.2 +20 +16 +8/+14 260/260 S9 = S10
15:52 UT 3163/4061
15 | Oct. 28, 2021 | S26W05 X1.0 +20 +23 +21/+33 189/190 S26 < S81
15:27 UT 1520/1934

Note. The cases of early SP arrival (the time of the first detection of protons <+20 min) are marked in bold; the rest are the cases of the
late SP arrival (the time of the first detection is <+30 min). A, date and the chosen zero time; B, active region coordinates and flare
strength (GOES); C, onset of proton increase in ACS SPI; D, onset of a GLE event; E, times of the first and second frame of the CME
(SOHO LASCO, minutes after 0), average velocity, and velocity of the first appearance of the CME (km/s); F, CME position angle
(PA, deg) on the first and second frames (SOHO LASCO); and G, comparison of solar-flare latitude and angle difference (PA = 270°):
< CME worsens the propagation conditions, > improves, = does not change.

The event of January 7, 2014, is an example of a
“late” arrival and a “slow” increase in intensity. It is
symmetrical to the January 6, 2014, event relative to
the favorable field line of the source (SI5SWII, it is
necessary to traverse more than 44° to the west in lon-
gitude), but the CME propagates in an unfavorable
direction (PA = 239°). A pair of non-GLE events on
August 4, 2011, and September 6, 2011 (for almost the
same flare coordinates on the disk and PA angles),
shows a delay of ~5 min relative to the expected arrival
of +20 min (i.e., +25 min); these are events with “slow”
acceleration. Also, the time profiles of the response to

the arrival of protons at the ACS SPI for this pair repeat
each other until approximately +32 min; later, the SP
intensities in the event on August 4 began to grow
faster than on September 6. This may be due to the dif-
ference in the acceleration rates in the posteruptive
phase (the CME velocity on September 6 was the low-
est of the entire sample of events).

Figure 3 shows the ACS SPI time profiles for six
events conditionally divided into two groups according
to the effect of CME on SP propagation. Panel 3a
focuses on the HXR flare emission. The maximum
intensities of HXR emission differ among flares by
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Fig. 2. Time profiles of the ACS SPI count rate for 50 ms (1-min smoothed averages, background subtracted) in events 4, 6, 10,
and 11 (according to Table 1). Panels (a) and (b) differ in vertical scale.
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Fig. 3. Time profiles of the ACS SPI count rate over 50 ms (1-min smoothed averages, background subtracted) in events 5, 8, and
14 with favorable PA and 2, 9, and 13 with unfavorable PA (according to Table 1, Fig. 4). Panels (a) and (b) differ in horizontal scale.

more than two orders of magnitude, but the temporal
dynamics of HXR emission (i.e., flare energy release)
in these events is similar for the first 6—8 min. We
associate this time interval, when the “synergy” of
flares and CMEs occurs [39], with the stochastic
acceleration of relativistic electrons and protons with
E > 100 MeV and CME acceleration in the lower
corona [17, 20—22]. The concept of “synergy”
between flares and CMEs appears to be confirmed by
the latest FermiLAT observations of the behind-the-
limb flare on July 17, 2021 (S20E140), STIX aboard
Solar Orbiter and STEREO-A (Fig. 3 in [40]). The first
ideas about the need to take the CME acceleration
into account when considering SPEs were expressed in
2023

COSMIC RESEARCH Vol.61 No.3

[33, 34]. The gradual event on March 7, 2011, in which
the main HXR burst was known to be in the posterup-
tive phase of the flare, is of particular note [21].
Figure 3b focuses on the differences in the times of
the first arrival of protons and the rate of increase in
their intensity (according to the ACS SPI data) in the
SPEs under consideration. The character of the
increase in the SP intensity is determined by the func-
tion of SP injection onto a favorable field line. The
curves that show early and fast growth have a favorable
PA, while the curves that showing late and slow growth
have an unfavorable PA. Thus, we have identified two
groups of events that are characterized by (1) early
arrival of protons and a rapid increase in their intensity
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Fig. 4. The second frame of the CME observation in the LASCO C2 field of view: left panels (a, c, ¢) show favorable CME prop-
agation; right panels (b, d, f) show unfavorable CME propagation (see Fig. 3, Table 1).
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(favorable PA) and (2) delayed (late) arrival of protons
and a slow increase in their intensity (unfavorable PA).
These groups have almost no difference from each other
in velocities V,, and V}, (see Table 1), but they differ in
the flare coordinates and PA value. It should be noted
that V,, > V}, (see Table 1) only in the case of two long
gradual flares on March 7, 2011, and January 27, 2012,
when the CME acceleration [8] should be definitely
present before, during, and after the observed HXR
emission.

The CME propagation directions (SOHO
LASCO C2) are shown in Fig. 4. The second frames
of the CME propagation in six events of the 24th cycle
from Fig. 3 are shown. Three horizontal rows differ in
the properties of parent flares in soft X-ray (SXR)
radiation: (a, b) pronounced impulsive phase, (c, d)
no impulsive phase (gradual flare), and (e, f) weakly
pronounced impulsive and prolonged posteruptive
phases of the flare. The circles and radii on the panels
of Fig. 4 show the PA value. The arrows show which
phenomena are identified with CMEs in the frames.
Maximum velocities of CMEs in the field of view of
LASCO C2 were reached in cases (e, ), but this did
not lead, as might be expected, to an earlier arrival of
protons from the point of view of the authors of [35].
The observed PA systematizes the times of the first
arrival of protons and the growth rate of their intensity.
In cases of early arrival of protons and a rapid increase
in their intensity, the CME propagated mainly in the
ecliptic plane (PA ~ 270°), and in cases of delayed (late)
arrival and slow growth, outside the ecliptic plane.

Figure 5 shows the events of December 13, 2006
(GLE 70, cycle 23 [29, 30]), and October 28, 2021
(GLE 73, cycle 25 [31, 32,42—44]). The December 13
proton event (GLE 70, see Table 1) contradicts the
proposed interpretation of observations based on the
six events in Figs. 3 and 4, which is why it is called
Maverick [41]. The value of PA = 193° (unfavorable
angle) corresponds to the delayed arrival of protons,
although the time of the onset of the proton enhance-
ment on the ACS SPI (taking into account the X-ray
background) is relatively early, +16.5 min [29]. Per-
haps this is due to the complex character of the erup-
tion [30] and the absence of LASCO observations in
this event until +33 min (https://cdaw.gsfc.nasa.
gov/CME _list/). In the case of the October 28 proton
event (GLE 73, see Table 1), the position of the active
region on the solar disk (S26W02) does not allow us to
unambiguously identify the late arrival of protons and
the slow increase in their intensity with PA = 189°. In
these two events, the PA values are similar, and one
can speculate by attributing the observed difference in
first arrival times to the longitudinal propagation of
protons.

The other two events in Fig. 5—June 6, 2011, and
January 27, 2012—are non-GLE events for which the
first arrival of protons at +20 min is expected. The
position of the flares and the direction of CME prop-
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Fig. 5. Time profiles of the ACS SPI count rate over 50 ms
(I-min smoothed averages, background subtracted) in
events 1, 3, 7, and 15 (according to Table 1).

agation relative to the ecliptic in them were symmetri-
cal (S21W54 (S21 < S32) and N27W71 (N27 = N22),
respectively, see Table 1). The difference in the flare
longitudes fits into our estimates of the size of the SP
source. The slowest growth of the ACS SPI signal in
Fig. 5 is for the event of October 28, 2021 (S26 < S81,
see Table 1).

Figure 6 compares all GLE events considered in
our study with the non-GLE event on August 9, 2011
[18, 20], and the sub-GLE event on January 6, 2014
[36, 37]. This is important, as the August 9 event (with-
out GLE) is an example of the fastest development of
the proton increase (arrival of protons at +10 min),
while sub-GLE (from a source behind the limb) is
expectedly slow (Fig. 6a). It should be noted that the
fastest arrival of protons was in GLE 69 on January 20,
2005 [3, 45], at +8 min, if we choose the zero time
(06:40 UT) to be the same as in [29]. We did not
include this event in the table due to poor CME obser-
vations at LASCO.

The pair of August 9, 2011, and May 17, 2012, was
considered in detail in [20], where it was shown that,
on August 9, there was not enough time to accelerate
the required amount of protons to relativistic energies
to generate GLE. However, in these events, protons
with £ ~ 100—500 MeV entered the IPM earlier than
+10 min; i.e., the acceleration mode was the “fastest.”

In all the four GLEs and one sub-GLE considered,
the first arrival of protons occurred before +20 min (in
GLE 72 according to the NM data), which corre-
sponds to the “fast” acceleration regime. However, the
growth rates of the proton intensity differed. The rate
indicates the injection function, which depends on the
acceleration mode and the propagation process in the
corona. In Fig. 6b, the growth rate does not initially
determine the maximum values; a long-term and
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Fig. 6. Time profiles of the ACS SPI count rate over 50 ms (1-min smoothed averages, background subtracted) in GLE 70, 71,
72, and 73 (according to Table 1, rows 1, 8, 14, and 15), subGLE (according to Table 1, row 10), and non-GLE event (according

to Table 1, row 5).

gradual injection onto the field line in the IPM is
required. The characteristics (amplitudes) of increases
in HXR radiation are not related to the characteristics
of proton fluxes in the heliosphere.

A look at the SP sources during acceleration by the
CME shock wave is described for GLE events of the
23rd cycle in [46] and other significant GLE events in
[47]. The studies with the same ideas about SP accel-
eration based on the events of the 24th cycle are cited
above [16, 24, 33—35, 37, 38]. The main conclusions
[46, 47] are that particle acceleration and escape into
the IPM occur at heliocentric distances of 2—4Rg in a
wide spatial angle (up to 100°) in longitude. The source
height increases with the spatial angle. In our qualitative
model of the development of eruptive flares, particles
are accelerated at heights up to ~1.25Rg, and their main
release to a favorable field line occurs when they cross
the shock-wave front, same as in [46, 47]. Insignifi-
cant proton fluxes can reach a favorable field line ear-
lier due to transverse diffusion.

CONCLUSIONS

The introduction of a conditional zero time for
solar flares (the onset of radio emission at frequencies
of 8.8—15.4 GHz) and the assumption of the necessary
time for electron acceleration to an energy of ~100 keV
(tens or hundreds of milliseconds) made it possible to
order and classify the ACS SPI proton enhancements.

» “Fast” acceleration of electrons (tens of millisec-
onds) corresponds to the “early” arrival of protons to
the Earth’s orbit (<20 min) relative to the selected zero
time (events 1, 5, 8, 10, and 14 in Table 1). When the
duration of stochastic proton acceleration is >10 min,
protons can be accelerated to relativistic energies and,

therefore, “early” (<20 min) GLE can be realized
given a sufficient amount of SPs.

» “Slow” acceleration of electrons (hundreds of mil-
liseconds) corresponds to the “late” arrival of protons
(>20 min) (events 3, 4, 6, 7, 9, 13, and 15 in Table 1).
When the duration of the stochastic acceleration of
protons is >20 min, it is possible for them to reach rel-
ativistic energies and realize a “late” (>20 min) GLE
given a sufficient amount of SPs.

* In any mode of electron acceleration in a large
volume occupied by an eruptive flare, an SP source
with large angular dimensions (i.e., coronal propaga-
tion) is realized.

* “Delayed” arrival of protons (>30 min, events 2,
11, and 12 in Table 1) is a consequence of the worsen-
ing of propagation conditions (i.e., coronal capture
with an unfavorable direction of CME propagation),
while propagation conditions in the IPM remain
almost unchanged.

* The direction of CME propagation is character-
ized in the field of view of the LASCO coronagraph by
the position angle (PA). The PA parameter must be
taken into account in the analysis of proton events.
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