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Abstract—From the beginning of January 2021 to the end of August 2023, the radiation monitor of the Spektr-RG
spacecraft registered three enhancements in the count rate, which exceed the background variations during
the solar activity cycle and have a comparable maximum value. These enhancements are associated with solar
proton events (SPEs) from the flares X1.0 on October 28, 2021; M6.3 on February 25, 2023; and M5.7 on
July 17, 2023. Using the example of these events, as well as smaller SPEs from the flares M3.7 on February 24,
2023, and M4.0 on July 16, 2023, threshold criteria for “proton” flares are discussed. In powerful SPEs, the
contribution of solar protons to the radiation dose can exceed the total contribution of galactic cosmic rays
(GCR) over a sufficiently long period of time. Therefore, such SPEs are sources of increased radiation hazard
and require prediction based on real-time observations. It was shown that, in these five flares, thresholds
were overcome according to three criteria: plasma temperature >12 MK (soft X-ray source), duration (>5
min) of microwave or hard X-ray (HXR) radiation (electron acceleration >100 keV), and height of flare
development process >60 Mm (radio emission at plasma frequencies <610 MHz). The arrival of the first
solar protons >100 MeV to the Earth’s orbit was expected no earlier than 10 min relative to the beginning of
HXR or microwave radiation, i.e., could have been predicted in advance. To study the relationship between
solar flares and SPEs, we used data from the anticoincidence shield of the spectrometer on INTEGRAL (ACS
SPI), which is an effective but uncalibrated detector of HXR >100 keV and protons >100 MeV, as well as patrol
observations of radio emission at fixed frequencies (Radio Solar Telescope Network). It is noted that the X2.2
(N25E64) flare on February 17, 2023 satisfied all three “protonity” criteria and could become the source of
a powerful SPE near the Earth in a case of favorable location on the Sun. In the M8.6 (N27W29) flare on
February 28, 2023, the third criterion was not met, and it did not lead to an SPE as expected (it developed in

a plasma with a density >2.5 x 10'° cm~3 and plasma frequency >1415 MHz).

DOI: 10.1134/50010952523600300

INTRODUCTION

The Mikhail Pavlinsky SRG/ART-XC telescope has
sensitive detectors for registering primary X-ray radia-
tion from weak distant sources, and so secondary X-ray
radiation from cosmic rays (CR) is a harmful back-
ground for it (Eyxg > 60 keV). During the solar proton
event (SPE) on October 28, 2021 [1—3], accompanied
by a ground-level enhancement in CR intensity (GLE),
detectors ART-XC recorded a fourfold increase in the
background. Management of the ART-XC decided to
make information about the radiation situation at the
Lagrange point L2 publicly available and start posting
data about the detector background on the website
(https://monitor.srg.cosmos.ru). The radiation moni-
tor SRG/ART-XC provides the average count rate of
detectors over 10 min (light curves) in the energy
range of 60—120 keV with a delay of 1 day. The user
can plot counting tempo curves ART-XC for various
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periods of time from the last 3 days to the entire obser-
vation time.

Figure 1a shows a screenshot of the screen at the
moment when the light curve of the radiation monitor
was plotted from the beginning of January 2021 to the
end of August 2023. At this time scale, the effect of CR
modulation in the solar activity cycle is clearly visible
(October 2021 is the growth phase near the minimum
of the 24th—25th cycle, and July 2023 is the growth
phase near the cycle maximum). The modulation
depth depends on the GCR energy and varies from a
few percent at equatorial neutron monitors (NMs) to
~20% at polar NMs, up to hundreds of percent for
measurements in the stratosphere, and up to an order
of magnitude in outer space [4]. Figure 1a shows three
increases that exceed the GCR background variations
in the activity cycle, have comparable intensity and are
associated with the arrival of solar cosmic rays (SCR).
The contribution of one powerful SPE to the radiation
dose can exceed the total contribution from the GCR
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over a long period of time. It is precisely such events
that need to be forecast from real-time observations to
ensure safe space activities. The smaller events are of
only limited, mostly academic interest.

According to the catalog of proton events of the
25th cycle (https://swx.sinp.msu.ru/apps/sep_events_
cat/index.php?gcm=1&lang=ru) with these three
large increases in the counting rate of the radiation
monitor of the SRG/ART-XC (Fig. 1a), five SPEs can
be associated—October 28, 2021; February 24 and 25,
2023; and July 16 and 18, 2023. On a time scale of the
order of several days, it is clear that the monitor of the
SRG/ART-XC (Fig. 1b) did not register an increase
from the SPE on February 24, 2023, and in the SPE
on July 16, 2023 (Fig. 1¢) there were two successive
increases, possibly from different solar sources.

The event of October 28, 2021, fully fits the con-
cept of acceleration of solar protons >100 MeV [5] in
long-term eruptive flares against the background of
acceleration of coronal mass ejections (CMEs). The
period of time in flares in which protons are accelerated
lasts several minutes or more and is characterized by
plasma temperature >12 MK, emitting soft X-rays (SXR)
rays; acceleration of electrons to energies >100 keV (i.e.,
by hard X-rays (HXR) >100 keV and/or microwave
radiation at frequencies >1.5 GHz); and the develop-
ment of the flare process upward into the corona
(plasma radiation at frequencies <610 MHz) [6]. The
result of the development of the flare process upward
into the corona is acceleration of the CME. The
absence of radio emission at frequencies <1415 MHz is
typical for flares without CME and SPE of the 23rd and
24th solar cycles studied in [7] and [8, 9], respectively.

In article [6], it was suggested that the acceleration
of protons with energies above 1 MeV is possible at an
electron plasma temperature of ~10 MK. At this tem-
perature, the velocities of thermal electrons and ~1-MeV
protons are approximately equal, which can help
maintain electrical neutrality of the plasma while
accelerating protons and electrons. It also follows from
the principle of electrical neutrality that, during the
interaction of protons in a plasma, the generation of
m,-mesons will be possible at an electron energy of
~150 keV (protons with £ ~ 300 MeV are equivalent in
speed to electrons with £ ~ 150 keV). Consequently,
the acceleration of solar protons >100 MeV should
occur against the background of microwave (GHz) or
HXR radiation with £ > 100 keV.

For protons to reach velocities equal to the veloci-
ties of electrons, it takes a time at least m,/m, times
greater. Therefore, the key point for estimating the
acceleration time of protons is the time of acceleration
of electrons to energies of ~100 keV [10], which deter-
mines the required duration of observation of HXR
radiation with £ > 100 keV and/or microwave radia-
tion, as well as the expected moment of arrival of the
first accelerated protons to Earth during free propaga-
tion in interplanetary space (IS).
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Observational data show that the acceleration time of
electrons to a kinetic energy of ~100 keV is on the order
of ~400 ms [11]. Delays between HXR bursts at different
electron energies (20, 50, 100, 200, and 300 keV) of the
order of tens of milliseconds are also observed, which
may be due to the electron acceleration time [12, 13].
Therefore, the time required for proton recruitment £ ~
200 MeV will be ~1 min when electrons are accelerated to
akinetic energy of ~100 keV in 40 ms (“fast” acceleration)
or ~10 min when electrons are accelerated to ~100 keV in
400 ms (“slow” acceleration) [6].

If we take the beginning of microwave radiation at
8.8—15.4 GHz to be zero time in solar events (it usually
coincides with the appearance of a significant HXR
emission signal with £ ~ 100 keV), then the expected
time of arrival of protons with £ ~ 200 MeV (V/c =
0.57) into the Earth’s orbit will be ~11 and ~21 min
with “fast” and “slow” acceleration, respectively, and
subsequent propagation without scattering along the
Parker spiral to the Earth (1.3 AU, solar wind speed
300 km/s). Thus, the indeterminability of the charac-
teristic time of acceleration of solar electrons to £ ~
100 keV causes indeterminability of the time of the
first arrival of solar protons from £ ~ 200 MeV per
Earth orbit and is about 10 min [6]. The required time
(characteristic size) for the acceleration of protons
>100 MeV is most likely determined by the upward
development of the flare process associated with the
acceleration of the CME. Also, the indeterminability
of about 11 min fits into the effect of velocity disper-
sion between protons of 100 MeV (V/c = 0.43) and
500 MeV (V/c = 0.76).

These ideas were developed by us in [6] and became
the basis for proposals for ultra-urgent SPE forecasting
in real time [ 14]. During a solar flare accompanied by an
SPE, four energy thresholds must be sequentially over-
come: regarding the temperature of the flare plasma,
regarding the energy and duration of electron accelera-
tion, regarding the development of the process upward
into the corona, and regarding the acceleration of an
interplanetary CME (>618 km/s on the solar surface).

The goal of the work is to answer the question of
whether these five SPEs can be predicted in advance
from observed solar electromagnetic radiation (EMR)
in real time. The work links the SPEs observed at this
time to specific solar flares; the necessary rate of
acceleration of protons on the Sun was determined to
explain the observed time of the first arrival of solar
protons into the Earth’s orbit; criteria for predicting
“proton” flares were discussed [14]. For comparison,
these five events are supplemented by two more solar
flares, on February 17 and 28, 2023, from which no
solar energetic protons were detected.

INSTRUMENTS AND METHODS

The currently available time resolution of the radi-
ation monitor of the ART-XC does not allow solving
COSMIC RESEARCH  Vol. 62
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Fig. 1. Radiation situation at point L2 according to JWG/ART-XC data. (a) From the beginning of January 2021 to the end of
August 2023; (b) from February 24 to 28, 2023; (c) from July 15 to 20, 2023.
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the assigned problems, in particular, there is no way to
separate primary solar HXR and secondary HXR
(associated with the arrival of solar protons). The work
investigated the proton increases of the monitor of the
ART-XC using data from other detectors; i.e., the
inverse problem of their forecast was solved—the
sequence of characteristics of the parent solar flare
that led to the SPE were determined. If such a
sequence of characteristics is observed in the future,
then, after 10—20 min, we should expect the beginning
of a proton increase of >100 MeV.

The anticoincidence shield of the spectrometer on
INTEGRAL (ACS SPI) registers HXR with £> 100 keV.
These can be both primary photons and secondary
photons generated in the detector body under the
influence of protons with £ > 100 MeV. The ACS SPI
protection is an effective but uncalibrated HXR and
proton detector. Using its data, we have previously stud-
ied the relationship between solar flares and proton
events (for example, see [5, 6,9, 10]). ACS SPI data are
available at 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 counting rate becomes significant—Iess
than ten counts per 50 ms [9]. The increase in the ACS
SPI count rate during solar radio emission observa-
tions is caused by solar HXR emission. We consider
the moment of the first arrival of solar protons into the
Earth’s orbit to be the beginning of a significant
increase in the counting rate against the background
or after a burst of solar HXR radiation [6].

To monitor the intensity of fluxes of protons with
energies <100 MeV and relativistic electrons in inter-
planetary space near the Earth, data from proton chan-
nels (7.8—25 and 25—53 MeV) and electron channels of
the electron—proton helium instrument (EPHIN)
detector [15] onboard the spacecraft SOHO, which is
located at Lagrange point L1. SOHO EPHIN data were
taken from the website www2.physik.uni-kiel.de/
SOHO/phpeph/EPHIN.htm. SPE analysis uses esti-
mates of the maximum proton flux with £ > 10 MeV,
indicated in the SPE catalog of the 25th solar activity
cycle of the Skobeltsyn Institute for Nuclear Physics of
Moscow State University (https://swx.sinp.msu.ru/
apps/sep_events_cat/index.php?gcm=1&lang=ru).

Temperature 7 and emission measure EM of flare
plasma were calculated from 2-s integral fluxes of SXR
radiation in channels 1—8 and 0.5—4 A of the detector
of the GOES spacecraft detector (/satdat.ngdc.noaa.
gov/sem/goes/data/) in the SolarSoft package in the
single-temperature approximation.

This work uses information about radio emissions
presented in the YYYYMMDDevents.txt files
(https://cdaw.gsfc.nasa.gov/CME _list/NOAA/org_
events_text/2023/). These files contain information
about the beginning, maximum, and end of observed
radio emissions on the eight Radio Solar Telescope
Network (RSTN) patrol frequencies. At four of them
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(154, 8.8, 4.995, and 2.695 GHz), predominantly
gyrosynchrotron radiation is recorded, and plasma
radiation is recorded at three (610, 410, and 245 MHz);
at a frequency of 1415 MHz, the contribution of both
mechanisms is possible. Primary electron accelera-
tion in CME flares occurs at locations with a plasma
frequency of ~500 MHz [16]. On the basis of measure

EM and observed plasma frequencies v, = 9000vn , it
is possible to make estimates of the size of the SXR

2\13
source R = (EM2n ) [17].

The development of the flare process upward into
the corona is evidenced by radio bursts at frequencies
<180 MHz: type II is a slowly drifting burst, usually
associated with the propagation of a shock wave in the
corona; type IV with a wide, smooth and continuous
spectrum, which is associated with acceleration and
capture of electrons in the posteruptive arcade; type V
is a short continuous burst, usually associated with a
series of type 111 bursts—fast drifting bursts; and CTM
is a broadband, long-lived, continuous decameter
burst. Article [18] developed a method for predicting
SPE based on observations of only type Il and IV
bursts. Theoretical approaches to type V radio bursts
were developed in [19].

Table 1 presents the main characteristics of the
considered SPEs and solar flares. Data on CME
observations are taken from the electronic catalog
SOHO LASCO CME CATALOG (/cdaw.gsfc.
nasa.gov/CME _list/) [20]. All events are numbered in
chronological order. Events are examined relative to
the selected zero time. The beginning of the increase
in HXR emission intensity was chosen as zero time if
it was observed by the ACS SPI. Otherwise, the begin-
ning of the growth of microwave radiation at the high-
est frequency observed by the RSTN is taken as the
zero time.

ACS SPI COUNT RATE FOR THE EVENTS
OF FEBRUARY 24-25 AND JULY 16—18, 2023

The increases in the ACS SPI proton signal in
events 1, 3, 4, and 7 are clearly associated with solar
flares (Table 1), but there is no certainty in event 6. In
the catalog of the 25th cycle (https://swx.sinp.msu.ru/
apps/sep_events_cat/index.php?gcm=1&lang=ru),
the SPE on July 16, 2023, with its onset at 05.40 UT
and maximum at 07.35 UT, is associated with the C3.7
flare on July 15 at 21.04 UT with coordinates N24E25.
We clearly see two proton increases in ACS SPI start-
ing at ~04.57 UT (6a) and ~17.51 UT (6b). The nature
of the ACS SPI light curves allows us to associate the
increase in event 6a with coronal radio emission and
the C1.9 flare, and the increase in event 6b with the
M4.0 flare (Table 1). In event 6b, the observed GCR
and SCR proton fluxes could have been modulated by
the interplanetary structure after 18.00 UT (22 min).

COSMIC RESEARCH  Vol. 62
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Table 1. General characteristics of flashes and CMEs
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Events
Options
1 2 3 4 5 6a 6b 7
A October 28, | February 17, | February 24, | February 25, | February 28, | July 16, 2023 | July 16, 2023 | July 17, 2023
2021 2023 2023 2023 2023 04.33 UT 17.38 UT 23.25UT
15.27 UT 19.57UT 20.23 UT 19.23 UT 1743 UT
B S26WO05 N25E64 N28W28 N26W43 N27W29 S23W49 S23W58 S26W87
2N 2887 2B 3229 2B 3N SF 2B
3229 3229 3234 3363 3363 3363
C X1.0 X2.2 M3.7 M6.3 MS8.6 Cl1.9 M4.0 Ms.7
—10 -19 -20 —43 -8 +16 -2 =7
D 0 -5 -3 -6 -3 ? +2 -3
+17 >+100 +10 +40 +14 +15 +25
E 0 0 No 0 No No 0 0
+20 No +25 +25 No +30 +13 +30
F 15400 15400 15400 8800 15400 245 15400 15400
0 0 0 +5 0 0 0 +10
+10 +19 +1 +17 +5 +5 +3 +21
G 245 245 245 410 2695 245 245 245
0 -8 —4 +3 —1 0 -1 —12
+25 -7 +3 +22 0 +5 +6 +25
H IV+5 No 14 CTM No CTM 4 CTM 35
+102 +5 —130 1 0 +374
+216 +276 +291 +14
I +2 0 No 0 No No No No
+26 +39 +14
J +21 +15 +13 +1 No +9 +15 +11
1526 1315 1336 1170 1970 1239 1385
189 56 345 294 275 220 223
K 22 Background 0.75 35 Background 18 ? 614

A is the date of the event and zero time; B is the coordinates, optical score, active region number; C is the score and beginning of the SXR
flare; D is the beginning and end of SXR temperature according to GOES data (>12 MK); E is the beginning of registration of ACS SPI
solar HXR radiation and beginning of proton increase of ACS SPI; F is the highest recorded RSTN frequency in MHz and the begin-
ning and end of the increase; G is the lowest recorded RSTN frequency in MHz and the beginning and end of the increase; H is the type
of continuous radio emission, <180 MHz, beginning and end; I is the beginning and end of type 1l radio emission; J is the time (UT)
of the first appearance of the CME in the LASCO field of view and the average speed km/s, angle PA; K is units of proton flux >10 MeV
in Earth orbit (1 pfu=1 (cm2 S sr)’l). In rows C to J, time is given in minutes relative to zero in each event.

Note that this binding of the proton increase (6a)
contradicts the criteria [14] for predicting an SPE—
the plasma temperature did not rise above 12 MK,
there was no recorded HXR or microwave radiation,
which does not exclude an source of protons behind the
limb. Indeed, the spectrometer/telescope for imaging
X-rays (STIX) X-ray telescope onboard the Solar
Orbiter spacecraft, which was located in the helio-
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sphere on the opposite side of the Sun from the Earth,
registered an HXR burst on July 16, 2023, at 04.33 UT
(https://datacenter.stix.idds.net/view/ql/lightcurves).
According to the STIX catalog, the burst is associated
with the C1.9 flare recorded by GOES near the Earth.
The burst amplitude, converted to SXR GOES range,
corresponds to a score of X9 (with a possible error
from X4 to X19).
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Fig. 2. Full 50-ms ACS SPI count rate, smoothed over 1 min, near event time zero:event 1 —October 28, 2021; event 3—Feb-
ruary 24, 2023; event 4—February 25, 2023; event 6a—July 16, 2023; and event 7—July 17, 2023 (see Table 1).

Figure 2 shows the 1-min smoothed ACS SPI
count rate over 50 ms in events 1, 3, 4, 6a, and 7. The
GCR modulation depth between October 28, 2021
and July 17, 2023 is 39.3%. This shows that ACS SPI is
sensitive to protons of lower energy than polar NMs
(atmospheric cutoff energy ~450 MeV). Proton intensity
GCR > 100 MeV at maximum Jgcg ~ 0.1 (cm? s sr)~!
matches background counting tempo MNy,crground1 =
6843 pulses/50 ms (October 28, 2021), in an SPE
with an amplitude greater than the GCR modula-
tion, the proton flux > 100 MeV should be

Jioo ~ 0.393%0.1> 0.04 (cm’ssr) .
Jyo0 in the SPE can be assessed according to ACS SPI
if one knows background score Ny,ekeroung @nd observed

count N JIOO = JGCR (N - Nbackground )/Nbackground 1-

The results of these estimates are given in Table 2.
The observed maximum proton flux >10 MeV in

event 1 was J;, =22 (cm?s sr)~!, and in event 7 J,, =
614 (cm? s sr)~! (see Table 1). For power spectrum
J = AE™", the assessment of its indicator will be
Y = (logJ, —logJy4)/(10gEygg — logEyy ). Substitut-

ing the numbers for events 1 and 7, we obtain, respec-
tively, Y= 1.7 and 3.4. If, to determine J,,, we take
J10o in events with an amplitude less than the GCR
modulation, then at y = 1.7 we obtain J,, =

-1
JIOOEIYOO/EIY0 =2.0 (sm2 s sr) (below the SPE thresh-

old) and at y = 3.4 we obtain J,, = 100 (cm? s sr)~!
(above the SPE threshold).

Figure 3a plots the ACS SPI light curves for
events that exceed the amplitude of GCR modula-
tion (Fig. 1a)— (/) October 28, 2021, and (4) Febru-
ary 25 and (7) July 17, 2023, and during and after the
X2.2 flare of February 17, 2023, event 2. In all four of
these events in Fig. 3a, after 0 min, increases in the
ACS SPI count rate associated with solar HXR radia-
tion are visible. In events 1, 4, and 7, a proton increase
in the ACS SPI count rate was observed later than
20 min. We believe that flare 2 could be the source of
a similarly powerful SPE given a favorable location on
the solar disk. Indeed, according to the data of
SOHO/EPHIN (Fig. 4), on February 16—17, 2023, a
weak proton increase characteristic of eastern events
began. It may be associated with a weak flare and fast

Table 2. Estimation of proton flux >100 MeV from ACS SPI count rate in selected SPE events

Events
Options
1 3 6a 6b 7
Nyackeround 6843 4343 4470 4242 4242 4154
Nax 35000 5270 25000 4900 4450 20500
J100 0.4 0.02 0.3 0.01 0.003 0.2
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Fig. 3. (a) Contribution of solar HXR and protons to the ACS SPI count rate during solar flares and proton events: event 1—X1.1,
October 28, 2021; event 2—X2.2, February 17, 2023; event 4—M6.3, February 25, 2023; and event 7—M35.7, August 17—18, 2023.
(b) Contribution of solar HXR and protons to the ACS SPI count rate during solar flares and proton events: event 2—X2.2, Feb-
ruary 17, 2023; event 3—M3.7, February 24, 2023; event 5—M8.6, February 28, 2023; and event 6a—C1.3 and event 6b—M4.0,

July 16, 2023.

CME (10.48 UT, 1549 km/s, PA 301) on February 16
and flare 2 with the CME (20.12 UT, 1315 km/s, PA 56)
on February 17.

Solar HXR emission in flares 1, 2, and 7 had com-
parable maximum intensities, which indicates the
interaction of accelerated electrons with a similar
spectrum under the same target conditions. The
increase in HXR (flare 4) is comparable in amplitude
to the ACS SPI background variations, but stands out

COSMIC RESEARCH Vol.62 No.2 2024

for its duration and correlation with solar radio emis-
sion at 2695 MHz. In case 4, the electron spectrum
appeared to be softer and the target less dense. The dif-
ference in the temporal structure of the light curves is
also noteworthy: in events 1 and 2, there are two max-
ima, and in case 7 there are eight maxima (Fig. 3a).

The proton increases of events 1, 4, and 7 differed
in the time of the first arrival of protons and the rate of
increase in the intensity of the ACS SPI count rate.
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Fig. 4. Fluxes of protons and electrons recorded by SOHO/EPHIN February 15—28, 2023.

According to the classification of arrival time [6],
these events are classified as “late” and “slow.” It is
reasonable to attribute the difference in the first arrival
time estimate of 5 min in events 4 and 7 to the influ-
ence of the HXR background with almost identical
light curves after 30 min. On the other hand, the rates
of proton acceleration in cases 4 and 7 could also dif-
fer. The proton increase (flare 4) began at 25 min, and
in event 7 it began at 30 min. The arrival delay time of
100-MeV protons at a propagation length of 1.3 AU was
~17 min. The protons had to enter interplanetary space
no later than at +8 min in event 4 or +13 min in event 7.
The duration of proton acceleration to 100 MeV was
~480 s (flare 4) and ~780 s (flare 7), and the minimum
rate of proton acceleration was 100 MeV/480 s =
0.2 MeV/s and 100 MeV/780 s = 0.1 MeV/s.

The difference in the light curve in event 1 from
events 4 and 7 to 30 min is most likely due to the high
rate of particle acceleration, which is characteristic of
GLE events [6]. The minimum proton acceleration
rate in the event 1is 100 MeV/180 s = 0.56 MeV/s. It is
possible that the lower rate of acceleration in events 4
and 7 is due to large delays between acceleration epi-
sodes that do not overlap (eight HXR maxima in case 7).
Since the release of protons into interplanetary space
in event 1 was hindered due to the direction of CME
propagation (PA value), after approximately 40 min
the curve of event 1 is lower than the curves of
events 4 and 7. Only outside the time scale (Fig. 3a)
will the curve in event 1 be higher than in cases 4 and 7;

it was at this time that GLE was observed on neutron
monitors [1, 2].

In events 1, 4, and 7, the difference, at least by an
order of magnitude, in the maximum intensities of
proton fluxes >10 MeV is noteworthy. According to
the findings of [21], the GLE event on October 28,
2021 (flare 1), was distinguished by an anomalously
hard spectrum. Since the count rates of ACS SPI (pro-
tons >100 MeV) and ART-XC in these events were com-
parable, it can be concluded that protons <100 MeV cre-
ated virtually no secondary HXR in these detectors
and were not a source of additional ionization.

Figure 3b shows the proton increases of curves 3,
6a, and 6b, which are lost in the scale of Fig. 1a, as well
as the ACS SPI count rate in events 2 and 5 without
proton enhancements. Note that event 5 was observed
against the background of a weak increase in the ACS
SPI background. Curve 5 in Fig. 3b was obtained after
subtracting the straight line Y =9.0172 + 0.41853X,
where X is time in minutes relative to zero. A compar-
ison of curves 2 and 5 shows that, in event 5, there was
indeed no HXR increase before 20 min, and after
20 min there was no proton increase. In event 3 and 6a
there was no HXR increase before 25 min that would
correspond to the observed microwave emission. After
25 min in event 3 and 30 min in event 6a, the proton
increase began. The required proton acceleration rate
in event 3 was 100 MeV/480 s = 0.2 MeV/s. It is not
possible to estimate the proton acceleration rate in
case 6a due to the uncertainty of the propagation time
in the corona and the IS.
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In event 6b, there was both an HXR increase and a
proton increase in ACS SPI (Fig. 3b), and their char-
acteristics deserve detailed study. Proton acceleration
(plasma heating to 12 MK) was delayed by 2 min rela-
tive to >100 keV electron acceleration (HXR ACS SPI
and 15.4-GHz microwaves). Proton enhancement (6b)
was early (first arrival of protons <13 min) and weak
(less than 100 ACS SPI counts in 50 ms). The increase
by 13 min in case 6b could only be caused by protons
>500 MeV, since, if protons began to accelerate by
2 min (7 > 20 MK), then they had only 11 min to
accelerate and spread. With a propagation length of
1.3 AU, the arrival delay of 500-MeV protons is
~6 min, and the duration of proton acceleration in
case 6b will be 5 min. The proton acceleration rate
had to be at least >500 MeV/300 s = 1.7 MeV/s. The
observation of such an early and weak proton
increase suggests that the ACS SPI count rate in
event 1 after 10 min may have had a significant contri-
bution from protons >500 MeV.

Thus, in events 1 and 6b, an “early” proton increase
in ACS SPI was realized, the proton acceleration rate
was ~2 MeV/s (acceleration of electrons to 100 keV in
tens of milliseconds is “fast™), and in flares 3, 4 and 7,
there was a “late” proton increase, with a proton accel-
eration rate <0.2 MeV/s (electron acceleration up to
100 keV in hundreds of milliseconds is “slow”).

RADIO EMISSIONS OF THE M6.3 AND M8.6
FLARES ON FEBRUARY 25 AND 8, 2023

This section examines the radio light curves of the
RSTN (https://www.ngdc.noaa.gov/stp/space-weather/
solar-data/solar-features/solar-radio/rstn-1-second/) in
cases 4 and 5, which stand out against the background
of other events from Table 1.

Radio emission characteristics for the M6.3 flare
on February 25, 2023, presented in Table 1 were taken
from the file 20230225events.txt and assigned to the
selected zero time. This event stands out because there
is no emission information at the extreme frequencies
of 245 MHz and 15.4 GHz in the event file for that day.
Figure 5a shows the light curves for according to the
RSTN (Palehua station, 25feb23.phf) at frequencies
with predominant gyrosynchrotron radiation (the
highly noisy curve at 15.4 GHz was not plotted). All
the curves in Fig. 5a show the beginning of growth no
later than zero time (19.23 UT)—the beginning of
radiation at 2695 and 1415 MHz, noted in the file
(20230225events.txt). However, the beginning of radio
emission at a frequency of 8.8 GHz is indicated there
at 19.28 UT (5 min); why such a delay was noted is not
clear.

The M6.3 flare began significantly earlier than
zero time, at 18.40 UT (—43 min). Its trigger was
apparently the acceleration of electrons high in the
corona, which showed up in the Type VI radio study
(a series of Type III bursts lasting more than 10 min).
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It was observed from 18.37 UT (—46 min) to 20.39 UT
(76 min). The light curve at 245 MHz (Fig. 5b) also
indicates the development of a flare to zero time in the
corona with a plasma concentration of less than 7.4 X
108 cm—3. The light curves at 410, 610, and 1415 MHz
(Fig. 5b) show an increase to time zero and indicate
changing conditions in the corona (increasing density
due to “chromospheric evaporation”). After time
zero, the flare developed in the widest possible range
of densities, taking into account plasma frequencies
(Fig. 5b) and type 1l radio emission. The onset of the
type II burst at 0 min and the appearance of the CME
( 1 min) in the LASCO field of view correspond to the
acceleration of the CME before the onset of >100-keV
electron acceleration.

Radio emission characteristics for the M8.6 flare
on February 28, 2023, presented in Table 1 were taken
from the file 20230228events.txt and assigned to the
selected zero time. Radio light curves based on RSTN
data (Palehua station, 28feb23.phf) are plotted for
gyrosynchrotron frequencies in Fig. 6a, and for transi-
tion and plasma frequencies in Fig. 6b. As has already
been observed in many other events of the 23rd [7] and
24th solar cycles [8, 9], in the M8.6 flare of February 28,
2023, without a CME and SPE, there was no radio
emission at frequencies below 1415 MHz. The mini-
mum frequency of radio emissions recorded by RSTN
and noted in the file 20230228events.txt was 2695 MHz.

On the panel, Fig. 6a shows two episodes of plasma
heating, which correspond to two episodes of radio
emission. In the first episode, there is radio emission
at the extreme frequencies of 15.4 GHz (Fig. 6a) and
1415 MHz (Fig. 6b), which were not observed in the
second episode. The electron spectrum should have
been harder, the magnetic field stronger, and the plasma
density lower (2.6 x 10'° cm™3) than in the second epi-
sode (9.0 x 10'° cm™3). Thus, the flare was limited in
height and did not develop upward into the corona.
Bursts of radio emission at 245 MHz, which can be seen
in Fig. 6b, were generated independently of processes in
the lower atmosphere of the Sun (since there were no
bursts at frequencies of 410 and 610 MHz).

DISCUSSION OF CRITERIA
FOR FORECAST OF “PROTON” FLARES

According to the ideas presented in article [22],
solar flares occur 0.5—2 days after the detection of a
magnetic flux >10"3 Wb at its ascent speed >10° Wb/s.
However, the onset time of the flares, as well as the
specific characteristics of their electromagnetic radia-
tion and particle acceleration, and the appearance of
the CME cannot be predicted with greater accuracy.
Further, based on the observed characteristics of the
solar flare and CME, one can estimate the probability
of solar protons entering the heliosphere. A fairly com-
prehensive overview of the current state of the art of SPE
predictive models for 2017 can be found in article [23].
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Fig. 5. Flare 4 (M6.3) of February 25, 2023. (a) Flare plasma temperature and radio emission flux 8.8 GHz—2695 MHz. (b) Flare

plasma temperature and radio emission flux 1415—245 MHz.

Patrol observations of GOES based on SXR radia-
tion are available to the consumer in almost real
time, so they are widely used for short-term SPE
forecasting and testing various statistical prediction

models [24—32]. The observational criteria for pre-
dicting “proton” flares proposed in [14] generalize
and complement the existing methods for predicting
SPE from electron and plasma radiation using the
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Fig. 6. Flare 5 (M8.6) of February 28, 2023. (a) Flare plasma temperature and radio emission flux 15.4 GHz—2695 MHz.
(b) Flare plasma temperature and radio emission flux 1415—245 MHz.

parameters of SXR [24—27], HXR [33, 34], micro-

wave [35], and plasma [7] radiation, as well as radio
bursts [18].

The authors of [36] drew attention to the observa-
tional fact that the impulsive phase of flares with HXR
radiation is preceded by a hot SXR onset (a hot X-ray
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“onset”) with a plasma temperature of 10—15 MK.
According to estimates in [37], effective additional
acceleration of electrons is possible only in the case of
a relatively rarefied (» < 10'° cm™3) and hot (7 ~ 107 K)
background plasma. In the seven cases considered,
with the exception of SXR flare events 6a, they began
earlier than the selected zero time (row B, Table 1).
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Condition for accelerating protons (heating plasma to
T > 12 MK for more than 5 min according to the
GOES data) was fulfilled for all selected events except
event 6a (line D, Table 1). In six out of eight cases, the
flare plasma warmed up to a temperature of >12 MK
no later than the zero minute, with the exception of
flare 6b, in which this happened at +2 min. In this
work, the plasma temperature was not estimated from
STIX observations in case 6a, but temperatures usually
exceed 12 MK in X-flares.

Evidence for long-term electron acceleration
>100 keV is given in Table 1: row E is HXR radiation,
and row F is microwave radiation. Since the genera-
tion of HXR and microwaves depends on the proper-
ties of the plasma in which the radiation occurs, com-
parison of radiation intensities without a detailed
analysis of the interaction medium is meaningless.
The very fact of recording one of the types of such
radiation (microwaves, >2 GHz, or HXR, >100 keV)
lasting at least several minutes is important, since at
the time of the radiation there may not have been an
X-ray or radio receiver capable of measuring it. From
this point of view, electron accelerations >100 keV
were present in all eight events studied when STIX
observations in event 6a are taken into account.

Low-intensity radio bursts are not considered sig-
nificant in standard SPE prediction techniques (see
[35] and references therein). The shortest duration of
electron acceleration >100 keV was in event 5, since
there was no HXR according to ACS SPI data, and the
microwave emission at 15.4 GHz lasted 5 min. The
fact that flare 5 would be without a CME and SPE
could be confirmed already at 5 min. Radio emission
at frequencies <2695 MHz never appeared, suggesting
a spatially confined flare. The development of the
flare process into the corona (decrease in density, i.e.,
plasma frequency) is evidenced by plasma radiation
(Table 1): row D is the minimum recorded RSTN fre-
quency, row H is the types of recorded continuous radio
bursts at frequencies <180 MHz, and row I is the pres-
ence of a type II radio burst at frequencies <180 MHz.

Table 1 data show that flares accompanied by SPE
are united by the presence of continuous radio bursts
at frequencies <180 MHz (column 3 in Table 1). Let us
assume that continuous radio emission at frequencies
<610 MHz (including radio bursts of 1I, IV, V, and
CTM types) with a duration of more than 5 min is the
main evidence of the acceleration of protons on the Sun.

At the beginning of powerful solar flares, when the
acceleration of protons has already occurred, but the
CME and shock wave have not yet formed, we can
expect the release of weak proton fluxes into inter-
planetary space, as was observed in case 6b. There was
no Type Il radio emission in events 2, 6a, and 7,
despite the presence of a CME with an average veloc-
ity of >600 km/s. The speed and direction of propaga-
tion of a CME can only be determined after recording
its two positions in the field of view of the corona-
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graph. The duty cycle of CME observations with the
LASCO C2 coronagraph is 12 min, so it is impossible
to use the CME parameters (row J in Table 1) to pre-
dict the moment of the first arrival of solar protons
>100 MeV in real time. These parameters are import-
ant for assessing the conditions for the release and
propagation of protons from the corona into the MP,
which determine the time of reaching and the magni-
tude of the maximum intensity. Also, the ongoing
acceleration of the CME in the LASCO field of view
indicates the release of energy and acceleration of par-
ticles during the posteruptive phase of the flare, which
can make a significant contribution to the formation
of the temporal profile of the solar proton flux [38].

CONCLUSIONS

* We analyzed five proton events and HXR
increases in the ASC SPI count rate of their parent
flares—X1.0 on October 28, 2021; M3.7 on February 24,
2023; and M6.3 on February 25, 2023, as well as M4.0
on July 16, 2023, and M5.7 July 17, 2023. Based on the
time of the beginning of the proton increase in ASC
SPI, an estimate was made of the duration of proton
acceleration and the rate of energy gain by protons.

* Inthe X1.0 and M4.0 flares, “fast” electron acceler-
ation of ~10 MeV/s was realized (“early” proton increase
in ACS SPI, proton acceleration rate ~2 MeV/s), and in
the M3.7, M6.3, and M5.7 flares, “slow” electron
acceleration ~1 MeV/s was realized (“late” proton
increase, proton acceleration rate <0.2 MeV/s).

* Flares accompanied by SPEs are distinguished
from the entire population of solar flares by exceeding
plasma temperature thresholds (>12 MK), by energy
of accelerated electrons (>100 keV), and according to
the height of development of flare processes.

* The weak proton boost on the morning of
July 16, 2023, could not be predicted by the proposed
criteria, since it was the result of an X9 flare on the far
side of the Sun detected by STIX on board the Solar
Orbiter. This outbreak as observed by GOES corre-
sponded to score C1.9 and was accompanied by radio
emission at a frequency of 245 MHz, long-term con-
tinuous radio emission of VI and CTM types at fre-
quencies of 25—180 MHz, and CME acceleration to
1970 km/s.

» The flare of X2.2 (N25E64) on February 17,
2023, satisfied all three criteria for “protonity” and
could have become the source of a powerful SPE near
the Earth, given a favorable location on the Sun. In the
M8.6 (N27W29) flare on February 28, 2023, the third
criterion was not met (in terms of the height of devel-
opment of the flare process), and it, as expected, did
not lead to an SPE (developed in plasma with a density
>2.5 x 10! ¢cm~3 and plasma frequency >1415 MHz).

» Thus, the considered cycle 25 events show that to
predict SPEs with proton energies >100 MeV associ-
ated with solar flares, it is necessary to observe the fol-
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lowing in real time: SXR radiation in two energy chan-
nels, microwave (>3 GHz) and/or HXR radiation,
plasma radio emission at frequencies <1415 MHz, and
continuous radio bursts of types IV, V, and VI.
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