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ABSTRACT. 112 solar proton events (SPES) were pro-
cessed for the period from November 24, 2000 to Decem-
ber 20, 2014, which were accompanied by type Il radio
bursts. For the analysis, used original records of solar radio
emission from a solar radio spectrograph in the range of
25-180 MHz, as well as original records of the flux inten-
sity proton of solar cosmic rays (SCR) protons I, with en-
ergy Epin the range > 0.8-850 MeV according to data from
the GOES series of devices. In this case, superimposed pro-
ton events were always separated and identified with the
corresponding solar proton flares, and the maximum proton
flux intensity I, of superimposed proton events was deter-
mined from the level of the previous proton event.

Based on data from the solar radio spectrograph, regres-
sion models were obtained for 91 type Il bursts that estab-
lished the relationship between the frequency drift velocity
Vi; and the frequency of type Il bursts fi;, and for 73 type
Il bursts it was possible to obtain regression models which
established the relationship between the intensity of type II
bursts I;; and type Il burst frequency fi; in the range 25-180
MHz. Detailed studies have shown that the intensity of type
Il bursts 1;j, as well as the frequency drift velocity Vij,
strongly depends on the frequency of type Il burst f;; and
monotonically changes with time t; along the harmonics of
type 11 bursts.

As a result, the relationship between the maximum val-
ues of the SCR proton flux intensity I, and the calculated
values of the frequency drift velocity V;ijand intensity of
type 1l bursts I;; was investigated. A comparative analysis
showed that the relationship between the intensity of the
SCR proton flux I, and the intensity of type 1l bursts I;; is
much stronger than with the frequency drift velocity Vij,
where the correlation coefficient r is 0.82 and 0.71, respec-
tively, for protons with energies E, > 30 MeV. The rela-
tionship between the proton flux intensity I, and the fre-
quency drift velocity V;i; and the intensity of type Il bursts
lij was also studied as a function of the proton energy E,
and the frequency fi; of type Il radio bursts. It was shown
that the strongest relationship between the intensity of the
SCR proton flux I, with the frequency drift velocity V;and
with the intensity of type Il bursts lij is observed with
subrelativistic SCR protons with energies E; in the range >
30-100 MeV and for type 1l radio bursts at a frequency fi;
in the range 40-160 MHz.

Keywords: Proton events, proton flux intensity, frequency
drift velocity, type Il burst intensity.

AHOTAIIA. OnpamsoBano 112 cOHIYHMX TPOTOHHUX
moxi#t (CIIIT) 3a mepiox 3 24.11.2000 mo 20.12.2014 poxw,
SIKi CympoBOmKyBammcs pagioctuieckamu 11 tumy. s
aHaJi3y BUKOPHCTOBYBAJIHCS OPUTiHATIBHI 3aITHCH PaTiOBU-
npoMiHioBaHHS COHIIA 3 COHSYHOTO pagiocnekTporpada B
miamazoni 25-180 MI'w, a TakoX OpWTiHANBHI 3aIlUCH iH-
TEHCHUBHOCTI MOTOKY NPOTOHIB COHAYHUX KOCMIYHHUX IIPO-
meniB (CKII) |, 3 eneprieto E, B gianazoni > 0.8-850 MeB
3a nanumu 3 anaparis cepii GOES. Ilpu upomy HaknaneHi
MIPOTOHHI NOJIT 3aBXIH MOAUISINCS Ta OTOTOXKHIOBAINCS 3
BIJIMOBITHUMHU COHSYHMMH TNPOTOHHUMH ClajiaxaMu, a
MaKCHMallbHa IHTEHCUBHICTh IIOTOKY NPOTOHIB |, HakIane-
HUX TPOTOHHUX TIOAIA BH3HAYajacs BiJ pIBHA IIOIIe-
penHBOI MPOTOHHOI MOII.

3a maHWMH i3 COHSYHOTO pamiocniektporpada mt 91
croiecky 11 turry Oy oTpuMaHi perpeciiiHi MO, 10 BCTa-
HOBJTIOIOTH 3B'SI30K MK IIBUIIKICTIO YacTOTHOTO Apeiidy Vij i
yactoToro crutecky I tumy fij, a Takox mst 73 cruteckis 11
THITY BJIQJIOCSI OTPHUMATH PErpeciiiHi MO, 110 BCTAHOBIIIO-
I0Tb 3B'SI30K MK iHTeHCUBHICTIO cruteckiB Il Tumy liji yacto-
toro cruteckiB Il tumy fijy miamasoni 25-180 MI't. Jetanbhi
JIOCITIIPKEHHSI TTOKa3aJly, 110 IHTEHCUBHICTD cruteckiB 11 Tumy
lij SIK 1 HIBUJKICTH YacTOTHOTO Jperdy Vij CUIIBHO 3aJIeKUTh
Big yactotu criecky I Tumy fij i MOHOTOHHO 3MIHIOETHCS 3
yacoM 1 B3710Bx rapMoHik cruteckis 11 Trmy.

B pesynbrati Oyno HOCHIKEHO 3B'S30K MAKCHMAJIbHHX
3HauYeHb iHTeHCHBHOCTI TIOTOKY mpoToHiB CKII I 3 po3paxyH-
KOBHUMH 3HA4YEHHSIMH IIBHIKOCTI YacToTHOTO Apeiidy Vij ta
inrercuBHOCTI  cruieckiB || Tumy lij. TopiBHsIbHMI aHAN3
TOKa3aB, IO 3B'S30K IHTEHCUBHOCTI TOTOKY npoToHiB CKIT I,
3 IHTEHCHUBHICTIO cIuTeckiB | Tuiy lij 3HAYHO CUIIBHIMINMN, HIXK
31 MIBHJIKICTIO 4aCTOTHOTO Jpeidy Vij e koediuieHT Kope-
ssiii r gopiHroe 0.82 1 0.71, BiANOBIAHO Uit POTOHIB 3
eneprieto Ep > 30 MeB. Takox Oyi10 10CiikeHo 3B'I30K 1H-
TEHCHUBHOCTI MOTOKY HPOTOHIB |p 31 NIBUIKICTIO YaCTOTHOTO
npeiidy Vij Ta iHTeHCHBHICTIO cruteckiB || Tamy |ij 3amexHO
Bijl eHeprii npoToHiB E, Ta Bix yactoru fij pamiocmeckis Il
THITy. ByIo nokasaHo, 1110 HaifOLIbII CHIIBHUM 3B'S30K 1HTEH-
cuBHOCTI NOTOKY npoToHiB CKII Iy 31 mBHIKICTIO 4aCTOTHOTO
npeiidy Vij 1 inrencusHicTio cruteckiB Il Tumy lij cmo-
crepiraerbesi 3 cyOpemstuBicTcbkumu npotoHamu CKII 3
eHeprieto Ep B gianazoni > 30-100 MeV i aust pagiociuieckis
Il Tumy wa gacrori fijB miamazoni 40 -160 MI ',

Karouosi ciioBa: npoToHHI 1oJiil, IHTEHCHBHICTH TIOTOKY

MIPOTOHIB, MIBHJKICTh YacTOTHOTO Apeiidy, IHTEHCHBHICTD
crutecky I Tumy.
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1. Introduction

It is currently believed that solar cosmic rays (SCRs) can
be accelerated either in the region of flare energy release or
at shock wave fronts, which can be generated by both flares
and coronal mass ejections (CMEs) (Reames, 1999). The
results obtained to date do not allow us to draw an unam-
biguous conclusion about which acceleration process is
dominant.

The presence of a strong connection between the flux of
SCR protons and the parameters of microwave radio bursts
(Akinyan et al., 1977, 1978; Chertok, 1982; Chertok et al.,
1987; Melnikov, Epifanov, 1979; Melnikov et al., 1986,
1991; Isaeva, 2010, 2018, 2020) definitely indicates the ac-
celeration of SCR protons in the flare region. However,
there are many indications that shock waves also play an
important role in the acceleration of solar cosmic rays (Go-
palswamy et al., 2002; Cliver et al., 2004).

Previously, in works (Tsap & Isaeva, 2011, 2012, 2013),
some questions regarding the connection between the flux
of SCR protons and the parameters of type Il radio bursts
were considered. In the course of studies of the relationship
between the frequency drift velocity of meter-decameter
type 11 bursts and the intensity of the proton flux 1, of SCRs
of different energies, two types of events were discovered,
which, according to Tsap (Isaeva and Tsap, 2011), suggests
the generation of shock waves both in the region of flare
energy release and and a moving coronal mass ejection
(CME). The works (Isaeva & Tsap, 2011; Tsap and Isaeva,
2012, 2013) present the results of a study of the efficiency
of SCR acceleration by coronal and interplanetary shock
waves, and also provide arguments in favor of a model of a
two-stage proton acceleration process (Wild et al., 1963;
Tsap & Isaeva, 2012). A comparative analysis showed that
the acceleration of protons by coronal shocks is more effec-
tive than by interplanetary shocks, and that the main accel-
eration of protons occurs in the flare region and additionally
at the shock wave fronts (Tsap & Isaeva, 2012).

A study of the fine spectral structure of meter-decameter
radio bursts of type Il showed that there is a fairly strong
connection between the intensity of the proton flux and the
relative distance bi = (fio-fi1)/fi1 between the 1-st and 2-nd
harmonics of type Il bursts at a given time ti , where the
correlation coefficient r between the studied values is =
0.70, while the relationship between the frequency drift ve-
locity Vi and the proton flux intensity I, turned out to be
weak, where the correlation coefficient r between I, and V;
does not exceed =~ 0.40 (Tsap & Isaeva, 2013) .

However, further studies of the fine spectral structure of
meter-decameter radio bursts of type Il in the range 25-180
MHz showed that if instead of the frequency drift velocity
Vi we use the parameter V; = (fo-f1)/(ti-to), which to some
extent characterizes the speed of displacement of the shock
wave front over time t;, where f, and f, are the frequencies
at the 1-st and 2-nd harmonics at a given time t;, and to is
the start time of a type Il burst at the 1-st harmonic at a
frequency of 180 MHz, then there is a fairly strong con-
nection between the proton flux intensity 1, and parameter
Vi, where the correlation coefficient r between the studied
parameters is ~ 0.79 (Isaeva, 2018), which is quite compa-
rable with what is obtained from the parameters of micro-
wave bursts (Melnikov et al., 1991; Isaeva, 2018). It should

also be noted that a strong relationship between the proton
flux intensity I, and parameter V), is observed in a narrow
frequency range of 25-60 MHz. Moreover, as a result of
detailed studies of the fine structure of type Il radio bursts,
a number of features were discovered. It has been shown
that the relative distance b; between harmonics of type Il
radio bursts varies monotonically over time (Isaeva, 2019;
Tsap, Isaeva, Kopylova, 2020). All 112 type Il radio bursts
are characterized by a monotonic decrease in the relative
distance b; between harmonics to a minimum value bmin1
with a subsequent increase (Isaeva, 2019, 2020; ). A strong
relationship was also found between the intensity of the
proton flux I, and the frequency fmin1 at the 1-st harmonic
at the time of the minimum relative distance between the
harmonics of a type I burst (Isaeva, 2018, 2019, 2020). Re-
cent studies have also been related to the study of the fine
structure of type Il radio bursts in the range 25-180 MHz.
As a result of these studies, a strong relationship was dis-
covered between the proton flux intensity I, and the fre-
quency drift velocity Vi2 and the intensity of type Il bursts
li2 at the 2-nd harmonic of type Il radio bursts.

2. Initial data

For the analysis, we used original recordings of the dy-
namic spectra of solar radio emission in the range of 25-180
MHz according to data from the Solar Radio Spectrograph
(SRS) (http://www.ngdc.noaa.gov/stp/space-weather /solar-
data/solar-features/solar-radio/rstn-spectral/), as well as orig-
inal records of the proton flux intensity I, of solar cosmic
rays (SCR) with energy E, in the range > 0.8-850 MeV ac-
cording to data from the GOES series of devices (https://sat-
dat.ngdc.noaa.gov/sem/goes/data/new_avg/).

3. Processing solar proton events

We processed 112 proton events associated with type Il
radio bursts for the period from November 24, 2000 to De-
cember 20, 2014. For the analysis, the maximum values of
the proton flux intensity I, with energy E, > 0.8-850 MeV
were used. Superimposed proton events were separated and
identified with corresponding solar flares according to pro-
tonity criteria. Then, in each channel, the maximum inten-
sity of the proton flux I, from the pre-flare level was deter-
mined. For superimposed proton events, the proton flux in-
tensity I, was determined from the level of the previous
proton event. Fig. 1 shows an example of the processing of
overlaid proton events in April 2001.
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Figure 1: Example of processing superimposed proton
events in April 2001
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4. Processing of type Il solar radio bursts in the range
of 25-180 MHz

4.1. Determination of the frequency drift velocity Vi; of
type Il radio bursts

Harmonics of type 11 bursts were approximated using lin-
ear regression model (1)

Igfi; = k1; - \Jt; +k2; 1)

where fi; is the frequency at time t;, k1; and k2; are linear
regression coefficients, i=1...n — sample number, j=1,2 —

harmonic number. Start timing for all events corresponded
to the beginning of the first harmonic at 180 MHz. This
model (1) gives a fairly good approximation for all 112 type
Il radio bursts (Isaeva, Tsap; 2017), which made it possible
to study the dynamics of the parameters of type Il radio
bursts over time ti. Therefore, having previously deter-
mined the coefficients k1 and k2; in the regression model
(1), and then differentiated expression (1) by time t;, it is
possible to determine the instantaneous values of the fre-
quency drift velocity Vi; (2) of type Il bursts in any time t;
in the range 25-180 MHz (Tsap, Isaeva, Kopylova; 2023).

v _1n10k1jfi,j_(k1jln10)2 fi,j
L 2 2 Inf;j—k2;1In10

()

4.2. Determination of the intensity of type Il radio bursts
lij in the range 25-180 MHz

Based on the original data from SRS, a dynamic spec-
trum was built on the computer screen, where all processing
took place. Using two different linear regressions, which
differed only in the values of the linear regression coeffi-
cients of type (1), the width of the 2-nd harmonic was lim-
ited, as shown in Fig. 2. When the harmonics of type Il ra-
dio bursts were visible on the background of powerful con-
tinuum radiation of type 1V, then the procedure was type
1V burst filtering.
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Figure 2: An example of identifying the width of the
2-nd harmonic of type Il radio bursts
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Figure 3: The observed intensity li, of a type Il burst at
the 2-nd harmonic is shown in red, and the calculated
intensity in black.

Then, on the time interval At; at a given frequency fi, at the
2-nd harmonic, the maximum intensity values of the type Il
burst ;> were determined. In Fig. 3 shows in red the ob-
served values of the maximum intensity l;» at a given fre-
quency fi, with filtering of type IV continuum radiation,
and in black the calculated values of the intensity I, of a
type 1l radio burst. As a result of this procedure, only 73
dynamic spectra out of 112 were processed, since against
the background of a powerful continuum type IV burst it
was not always possible to distinguish the width harmonic
of a type Il burst.

4.3. Relationship between frequency fi;j and intensity of
type Il radio bursts I;; in the range 25-180 MHz

In order to understand how the intensity of type Il bursts
lijis related to the frequency fij, a procedure was performed
to average the intensity maxima of type Il bursts Ijat a
given frequency fi; for 73 bursts. The results of this proce-
dure are shown in Fig. 4 a) and b) at the 1-st and 2-nd har-
monics, respectively. In Fig. 4 a) and b) it is clear that when
the harmonics of type Il bursts go beyond the powerful con-
tinuum burst of type IV in the frequency range 25-50 MHz,
then a clear relationship is visible between Iijand f;;. In this
regard, filtering of the continuum radiation of type IV
bursts was performed.
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Figure 4: Averaged intensity values of type Il bursts I;;
at a given frequency fi;jfor 73 type Il bursts at the 1-st (a)
and 2-nd (b) harmonics, respectively



164 Odessa Astronomical Publications, vol. 36 (2023)
- h m
. 1;2- Soiar Radio Spectragraph %) 1604 18.04.2001 2"14; LE.A? (SRS)
2 | 1]
£ 111 I
g “* T “ ( 3
. | |
° [ I 4l > il
T T T T T T T T L__ N’*’# W‘ "\
20 40 60 80 100 120 140 160 180 - i ]
® 140‘ b)
= 120- 0 - 1 1 1 1 1 ¥ 1
[ =
S 1004 25 5 75 100 125 150 175
s 801 Frequency f, MHz
= 60+
=" 40+ 160-
L] 1 Ll 1 1 1 ] 1
20 40 60 80 100 120 140 160 180 ) i
Frequency f, MHz g 120
. . . o 80-
Figure 5: Averaged intensity values of type Il bursts I 9
at a given frequency fij for 73 type Il bursts after filter- = 404
- . i b)
ing type IV continuum radiation at the 1-st (a) and 2-nd
(b) harmonics, respectively. 0 T T T T T T
25 50 75 100 125 150 175

In Fig. 5 a) and b) shows the dependence of the average
intensity values of type Il bursts I;; after filtering the con-
tinuum radiation of type 1V bursts on the frequency of type
Il bursts fi;.

In Fig. 5 a) and b) it is clear that the intensity of type Il
bursts 1;; strongly depends on the frequency of type Il radio
burst f;;, where the dependence of the intensity I;;jon the fre-
quency fi;can be quite accurately approximated by equation
(3), where k1; and k2; — linear regression coefficients (3).

4.4. Elimination of a gain jump when prcessing dynamic
spectra, as well as filtering type IV continuum radiation

Fig. 6 a) shows an example of a sharp change in gain at
the boundary of two frequency bands 25-75 and 75-180
MHz for the proton event of 04.18.2001, accompanied by a
powerful type IV burst, as well as a type Il burst according
to data from LEAR (SRS), and Fig. 6 b) shows the proce-
dure for bringing the gain in both bands to the same gain
value, as well as filtering outliers, type IV continuum emis-
sion and zero values in the spectrum for the 2-nd harmonic
of a type Il burst.

5. Relationship between the intensity of the SCR pro-
ton flux Ip and the drift velocity Vizand the intensity of
type Il bursts li2 at the 2-nd harmonic in the range 25-
180 MHz

A comparative analysis has shown that there is a fairly
strong connection between the intensity of the SCR proton
flux 1, and the frequency drift velocity V.. In Fig. 7 a)
shows a scatter diagram between the frequency drift veloc-
ity Vi at a frequency fi» = 70 MHz and the proton flux in-
tensity I, with energy E, > 30 MeV for 91 proton events,
where the correlation coefficient r between the studied pa-
rameters is = 0.71. The black line in Fig. 7 a) shows the
calculated values of the proton flux intensity I, , calculated

Frequency f, MHz

Figure 6: a) An example of a sharp gain reduction in the
25-75 MHz band is shown; b) An example of bringing
the gain to one value is shown, as well as the result of
filtering outliers and zero intensity values l; at the 2-nd
harmonic.
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Figure 7: Dependence of the flux intensity of SCR pro-
tons I with energy Ep > 30 MeV on the frequency drift
velocity Vi, (2) and the intensity of type Il bursts I;» (b).
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using the regression model (4), which establishes a connec-
tion between the frequency drift velocity Vi, and the ob-
served values of the proton flux intensity I, with energy E;
> 30 MeV.

Igl, ~1glyc =3.4-1gVi; + 3.7 )

As aresult of detailed studies of the relationship between
the SCR proton flux and various parameters of type Il radio
bursts, a strong relationship was discovered between the in-
tensity of the proton flux I, and the intensity of type Il
bursts li2. Moreover, the connection between I, and I is
much stronger than with the frequency drift velocity Vi». In
Fig. 7 b) shows a scatter diagram between the intensity of
the proton flux with E, >30 MeV and the intensity of type
Il bursts Ii» at a frequency fi, = 90 MHz for 55 proton
events, where the correlation coefficient r between I, and
li2 is approximately 0.82. The black line in Fig. 7 b) shows
the calculated values of the proton flux intensity Iy, calcu-
lated using the regression model (5), establishing a relation-
ship between the intensity of type Il bursts ;2 and the ob-
served values of the proton flux intensity I, with energy E,
> 30 MeV.

lgl, ~lgl,. = 0.031- I, — 1.196 (5)

It should be noted that when studying the connection be-
tween I, and li», the heliolongitudinal attenuation of the
proton flux was not taken into account, since taking into
account the heliolongitudinal attenuation coefficient leads
to a decrease in the correlation between 1, and li2, while
taking into account the heliolongitudinal attenuation be-
tween I, and Vi leads to an increase in the correlation. It
was not possible to establish the reason for the decrease in
the correlation between the proton flux I, and the intensity
of type Il burst I;» taking into account the heliolongitudinal
attenuation coefficient of the proton flux.

The relationship between the intensity of the SCR proton
flux 1, and the frequency drift velocity Vi, and the intensity
of type Il bursts I;> was also studied depending on the pro-
ton energy E, in the range >1-850 MeV and on the fre-
quency of type Il radio bursts f; 2 in the range 25- 180 MHz.
A comparative analysis showed that the relationship be-
tween the SCR proton flux I, and the frequency drift veloc-
ity Vi and the intensity of type Il bursts l;, largely depends
on the proton energy E, (Fig. 8 a). In Fig. 8 a) red color
indicates the dependence of the correlation coefficients r
between 1, and Vi2, and blue color between I, and l;z. In
Fig. 8 a) it is clear that the strongest connection between I,
and Vizand ;2 is observed for subrelativistic protons with
E, >30-100 MeV and sharply decreases for protons with
energy E, >850 MeV.

If we consider the relationship between the intensity of
the proton flux I, with Vi2and I, from the frequency of the
type Il radio burst fi > in the range 25-180 MHz, then as can
be seen in Fig. 8 b) the connection I, with Vi, and i, re-
mains almost constant. The sharp drop at low frequencies
fi»< 30 MHz is due to the fact that at the edges of the spec-
trum it is not possible to accurately determine the behavior
of the regression model (6), which was obtained from data
in the range 25-180 MHz. In order to obtain a more accurate
model (6), data is needed at frequencies <25 MHz and >180

MHz. Thin lines in Fig. 8 a) and b) show the dependences
of the correlation coefficients I, with Vi, and I;> on the en-
ergy Ep and on the frequency fi» without taking into account
the heliolongitudinal attenuation of the SCR proton flux.

6. Conclusion

The results obtained related to the study of the relation-
ship between the intensity of the flux of SCR protons and
the frequency drift velocity and intensity of type Il bursts
definitely indicate the important role of coronal shock
waves in the acceleration of subrelativistic SCR protons.
However, a sharp decrease in the relationship between the
intensity of the flux of SCR protons I, with energy E, > 850
MeV with the frequency drift velocity Vi, and the intensity
of type Il bursts I; indicates that high-energy SCR protons
with energy E, > 850 MeV are probably accelerated in the
flare region in current layers.
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Figure 8: a) Relationship between the intensity of the pro-
ton flux 1, and the frequency drift velocity Vi (red) and
the intensity of type Il bursts I;2 (blue) from the proton
energy Ep; b) Relationship between the proton flux inten-
sity Ip and the frequency drift velocity Vi (red) and with
the intensity of type Il bursts I, (blue) from the type 1l
radio burst frequency fi, . Thin lines show the values of
the correlation coefficients without taking into account the
heliolongitudinal weakening of the SCR proton flux.
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