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ABSTRACT. This paper presents the results of a study
of the relationship between solar cosmic rays (SCR) and
coronal shock waves (CSW) with the parameters of solar
microwave continuum radio bursts of type IV (u—bursts),
as well as with the parameters of type Il radio bursts. A
total of 349 solar proton events (SPE) were analyzed for
the period from 03-02-1986 to 12-02-2018. For the anal-
ysis, we used original records of solar radio emission at 8
fixed frequencies in the range of 245-15400 MHz based
on data from the Radio Solar Telescope Network (RSTN),
original records of dynamic spectra from the SRS (Solar
Radio Spectrograph) in the range of 25-180 MHz, tabular
data for the velocity of coronal shock waves, as well as
original records of the SCR proton flux intensity with pro-
ton energies E; in the range of >1-100 MeV based on data
from the GOES series devices.

It has been previously shown that for most proton events
there is a strong relationship between the SCR proton flux
and the parameters of type IV continuum microwave
bursts, which indicates a dominant role of the SCR accel-
eration process in the flare region. However, as a result of
recent detailed studies of the fine structure of type Il radio
bursts, a strong relationship was found between the inten-
sity of the mid-relativistic SCR proton flux and certain
parameters of type Il radio bursts in the 25-180 MHz
range. The presence of a strong relationship between the
SCR proton flux and the parameters of type Il radio bursts
indicates an important role of SCR proton acceleration at
the fronts of coronal shock waves. A fairly strong rela-
tionship was also found between the velocity of coronal
shock waves and the parameters of type IV microwave
bursts, which definitely indicates that coronal shock
waves are associated with solar flares.
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AHOTANIA. VY wiit poboTi npeacTaBieHi pe3yIbTaTH
JIOCHI/DKEHHST 3B'SI3KYy COHSYHHX KOCMIYHHMX ITPOMEHIB
(CKII) Ta koponansuux yaapuux xsuib (KYX) 3 mapame-
TpaMH MIKPOXBHJIbOBHX KOHTHHYaJbHUX Pa/iOCILIECKIB
IV Ty, a Takox 3 mapamerpamu pamiocruieckis |l tumy.
3aranom Oyno mpoaHamizoBaHo 349 COHSYHUX MPOTOHHUX
noxii (CIIIT) 3a nepiox i3 03—02—-1986 mo 12-02-2018
poku. Jlns aHami3zy BHKOPHCTOBYBAJIWCS OPHTiHAJIBHI 3a-
nucu pamiopunpominioBanHs CoHil Ha 8 (hikcoBaHUX
4acToTax B jianazoni 245-15400 MI'i; 3a nanumu RSTN
(Radio Solar Telescope Network), opurinanbhi 3amiucu
nuHaMivHEX criekTpie 3 SRS (Solar Radio Spectrograph) B

miamazoni 25-180 MI'm, TabnuyHi AaHi KOPOHAJIBHHX
yJapHUX XBWJIb, @ TAKOXX OPUTiHAJbHI 3allUCH IHTCHCHB-
HocTi moToky mpoToHiB CKII 3 eHepriero HpOTOHIB y
niamaszoni >1-100 MeB 3a nanumu anapatis cepii GOES.

Panime Bxe Oymo moka3aHo, MO A OUIBIIOCTI TIPO-
TOHHHMX MOl iCHy€ CHJIBHHUH 3B'I30K MOTOKY NPOTOHIB
CKII 3 mapamerpamu MIiKpPOXBHJILOBUX KOHTHHYaIbHHX
crieckiB |V tumy, mo Bka3ye Ha TOMIHYIOUY POJIb IIPOIe-
cy mpuckoperHss CKII y cmanxaxoBoi obmacti. OmgHak B
pe3ynbTaTi OCTaHHIX JAETadbHUX JOCHIIKEHb TOHKOI
CTPYKTYpH pamiocruieckiB |l Tumy Takox Oyino BHSBIEHO
CHJIbHHH 3B'SI30K MK IHTCHCHUBHICTIO MOTOKY CEPEIHBO-
penstuBicTcbkux npotoHiB CKII i neBHEMEU napamerpamu
pamiocmieckiB |l tumy B miamaszoni 25-180 MI'u. Ha-
SIBHICTB CHJIBHOTO 3B'A3Ky moToky npotoniB CKII 3 napa-
MeTpaMu pagiociuieckiB || Tuny Bka3ye Ha BasKJIMBY poJib
npuckoperHs npoTtoHiB CKII Ha (poHTaX ymapHHUX KOpO-
HaJbHUX XBHJIb. Takok OyJi0 BHSBIEHO AOCHTH CHIIBHHH
3B'A30K MIX MIBHAKICTIO KOPOHAIBHUX YAAPHUX XBHIb i
mapaMeTpaMu MIKpOXBHIBOBUX cImieckiB |V tumy, mo
0e3yMOBHO BKa3ye Ha Te, II0 KOPOHAIBHI yIapHI XBWII
TIOB's13aH1 3 COHSYHMMH ClIajlaXxaMu.

Kiarwo4oBi cioBa: mpoTOHHI MOMil, iIHTCHCHUBHICTh ITOTOKY
MIPOTOHIB, paaiociuiecku 11 THIy, KOpOHAITBHI yIapHi XBHITI.

1. Introduction

In this paper, we present the results of a comparative
analysis of the relationship between SCRs and coronal
shock waves (CSWs) with the parameters of type IV con-
tinuum radio bursts in the 245-15400 MHz range and with
the parameters of type Il radio bursts in the 25-180 MHz
range. Previously, some issues regarding the relationship
between the SCR proton flux and the parameters of type 1l
radio bursts were considered in (Tsap & lIsaeva, 2011,
2012; 2013). As a result of studying the relationship be-
tween the frequency drift velocity of meter-decameter
type Il bursts and the SCR proton flux intensity I, of dif-
ferent energies, two families of proton events were dis-
covered, which, according to Tsap (Isaeva & Tsap, 2011),
suggests the generation of shock waves both in the region
of flare energy release and by a moving coronal mass
ejection (CME). The works (Isaeva & Tsap, 2011; 2012;
2013) present the results of the study of the efficiency of
SCR acceleration by coronal and interplanetary shock
waves, and also provide arguments in favor of the model
of a two-stage process of proton acceleration (Wild et. al.,
1963; Tsap & lIsaeva, 2012). A comparative analysis
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showed that the acceleration of protons by coronal shock
waves is more efficient than by interplanetary shock
waves, and that the main acceleration of protons occurs in
the flare region and additionally at the fronts of shock
waves (Tsap & Isaeva, 2012).

2. The relationship between the intensity of the pro-
ton flux of the SCR I, and the parameters of type IV
microwave bursts

Previously, the relationship between the ntensity of the
proton flux of solar cosmic rays I, and various parameters
of solar microwave bursts
of type IV (u-bursts) was studied based on a large sample
of proton events. The studied sample contained 143 proton
events accompanied by solar continuous bursts of type IV
for the period from 06—-02-1986 to 14-10-2014.

Proton events were selected according to generally
accepted criteria of protonity. It is known that for
events with a U- or W-shaped type
of frequency radio spectrum of solar radio bursts with
maxima in the meter and centimeter wavelength ranges
and with a minimum in the decimeter range, the best
correlation between the parameters of u-bursts and the
intensity of the flux of subrelativistic electrons and
protons of solar cosmic rays is observed.

Previously, in the works (lsaeva, 2018; 2020), the
relationship between the integral flux /Fidt of type IV
radio bursts at a given frequency f and the flux of SCR
protons I, with an energy of > 30 MeV was already
investigated. It was shown that the maximum relationship
between I, and /Fidt is observed for microwave bursts (u-
bursts) and for subrelativistic protons.

In this work, the relationship between the proton flux
intensity 1, and three microwave burst parameters,
namely the maximum value Fr, , the rise time trise and
the duration of type IV w-bursts t at a frequency of
8800 MHz, was investigated simultaneously. Figures 1
a) and b) show the scattering diagrams between the
proton flux and the u-burst parameters Fn, and t, and
Figure 1c) shows the scattering diagram between the
calculated ¢ (1) and the observed values of the SCR
proton flux I,. A comparative analysis showed

logyo Iy = 1.209 - logyo F, +0.725 -
logyt, +1.110 - logg tyi5e — 4.087 1)
that the correlation coefficient r between the observed
I, and calculated values of the proton flux lpc (1) is
slightly higher (r = 0.83) than with the integral flux of
u-bursts /F,dt at a frequency of 8800 MHz (lsaeva,
2018, 2020), where the correlation coefficient r be-
tween I, and /Frdt ~ 0.80.

The presence of a strong connection between the SCR
proton flux and the parameters of microwave radio
bursts definitely indicates the acceleration of SCR pro-
tons in the flare region. However, there are many indica-
tions that shock waves also play an important role in the
acceleration of solar cosmic rays (Gopalswamy et al.,
2002; Cliver et al., 2004). In this regard, detailed studies
of the fine structure parameters of type Il radio bursts
and their connection with SCRs were carried out.
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Figure 1: a). and b). Relationship of the proton flux of

solar cosmic rays I, with the parameters of u-bursts Fr,
and t; c). scattering diagram between the calculated I,
(1) and observed values of the intensity of the proton
flux of solar cosmic rays .

3. The relationship between the intensity of the pro-
ton flux I, of the SCR and the parameters of type |1
radio bursts

The relationship between the proton flux intensity of the
solar cosmic rays I, and various parameters of type Il ra-
dio bursts has been previously studied. As a result of
these studies, a strong relationship was found between the
proton flux intensity I, and the parameters fmin: and Vi
(Isaeva, 2019; 2020). In the present work, multiple corre-
lation and regression analysis was used to study the rela-
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tionship between the proton flux 1, simultaneously with
three parameters fmin1, Vii and 1 (2),

logolp = —4.608 - logyg frmin1 + 1.707 -

10g10 ]/1[ + 0.596 - 10g10 A +11.882 (2)
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Figure 2: a). The relationship between the proton flux
intensity I, and the frequency fmin,1; b). The relationship
between the proton flux intensity I, and the parameter of
type Il radio bursts Vy; ¢). Scattering diagram between
the observed I, and calculated values of the proton flux
intensity I, (2) with proton energy E, > 30 MeV.

where fmin1 is the frequency at the first harmonic at the
time tmin of the minimum relative distance bmin (3) (Isaeva,
2019; 2020) between the harmonics of type Il bursts, and
Vi (4) (Isaeva, 2018; 2020) is a parameter that to some
extent characterizes the shift of the shock front over time
ti, where f; and f, are the frequency of the type Il burst at
the 1-st and 2-nd harmonics, and 4 is the heliolongitude
attenuation coefficient of the solar cosmic ray proton flux
I, (Ochelkov, 1986).

Figures 2 a) and b) show the relationship of the SCR
proton flux intensity I, with the parameters fuin1 and Vy,
respectively. Figure 2a) shows that the relationship of I,
with fmin1 and Vy, is slightly worse than for the full sample
in (Isaeva, 2020). This is due to the fact that in this case
only those events were selected for which the parameters
fmin and Vy could be determined simultaneously with suf-
ficient accuracy. Therefore, the results differ somewhat
from the results presented in (Isaeva, 2020). But despite
this, the relationship of I, with three parameters fyin1, Vi
and A is much higher (see Figure 2c) than with each pa-
rameter separately. Figure 2c) shows the scattering dia-
gram between the calculated I, (2) and the observed val-
ues of the proton flux 1,.

As can be seen in Figure 2¢), the correlation coefficient
r has significantly increased from 0.73-0.76 to 0.82. The
increase in the connection of I, with two parameters fuin,1
and Vy, also indicates that the parameters fmin1 and V) are
closely related to each other.

4. The relationship between the intensity of the proton
flux of SCR Ip and the integral flux of u-bursts f/F,.dt and
with the parameter of type Il radio bursts Vi

The discovered high correlation of the intensity of the
proton flux of SCR I, with the parameters of u-bursts, as
well as with the parameters of type
Il radio bursts, does not allow us to unambiguously an-
swer the question of where and how the acceleration of
SCR protons occurs.

In this connection, the connection between the intensity
of the SCR proton flux I, and three parameters (5) was
investigated simultaneously, namely, with the integral flux
of u-bursts JF,dt at a frequency f=8800 MHz, with the
parameter Vi (4), which to some extent characterizes the
displacement of the shock wave front over time t;,

lgl,. = 0.461-1g [ f, dt + 2493 1g V,, +

0.835-1g 1 +3.216 (5)
and with the coefficient of heliolongitudinal attenuation of
the SCR proton flux A (Ochelkov, 1986).

For this purpose, only those proton events were selected
that were simultaneously accompanied by type IV micro-
wave bursts at a frequency of 8800 MHz and type |1 radio
bursts in the range of 25-180 MHz. Original records of
solar radio emission were used for the analysis. The param-
eters /F,dt and Vy were not chosen by chance, since it was
previously shown that there is a strong connection between
I, and /F.dt and Vi, (Isaeva, 2018; 2020), where the correla-
tion coefficient r between 1, and the parameters /F,dt and
V)1 = 0.80. Figure 3a) shows the scattering diagram between
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the integral flux of u-bursts /F,dt at a frequency of 8800
MHz and the intensity of the SCR proton flux I, and Fig.
3b) between the parameter Vy; and I, . In Fig. 3a) it is evi-
dent that for proton events for which a strong correlation
between the proton flux I, and the parameter of type Il Vy
radio bursts is observed (Fig. 3b), the correlation between I,
and the integral flux of u-bursts /F,dt turned out to be sig-
nificantly worse (r = 0.65) compared to what was previous-
ly established based on a large sample of proton events (N
= 147) (Isaeva, 2018; 2020), where the correlation coeffi-
cient r between /F,dt and I, = 0.80.

Thus, based on the obtained results, it can be concluded
that for the overwhelming majority of proton events (and
there were 147 of them), the main acceleration of SCR
protons occurred in the flare region in current sheets, and
for other proton events that were accompanied by meter-
decameter type Il bursts, the main acceleration of SCR
protons occurred at the fronts of coronal shock waves.
And therefore, for such events, a lower correlation is ob-
served between the integral flux of microwave bursts /F,dt
and the flux of SCR protons I,, where the correlation coef-
ficient between /F.dt and I, does not exceed 0.65. But
despite the fact that the connection of I, with /F.dt for
such events is low, nevertheless, if we consider the con-
nection of I, simultaneously with three parameters /F.dt,
Vi and the coefficient of heliolongitudinal attenuation of
the proton flux of solar cosmic rays (5) (Ochelkov, 1986),
then a significant increase in the connection between I,
and the studied parameters is observed, where the correla-
tion coefficient r increases to = 0.86 (Fig. 3c).

Figure 3c) shows the scatter diagram between the calcu-
lated Iy values of the SCR proton flux intensity (5) and
the observed I, values. The significant increase in the cor-
relation of Ipc with the parameters /F,dt and V) in model
(5) indicates that the parameters /F,dt and Vy, are related,
which in turn confirms the relationship between coronal
shock waves and solar flares.

5. Relationship between coronal shock waves and
parameters of type IV microwave radio bursts

It is known that shock waves can be generated by both
solar flares and coronal mass ejections. It is believed that
meter-wave type Il bursts are associated with shock waves
generated in flares (Wagner et al., 1983; Vrsnak et al.,
1995), and bursts in the decameter-hectometer range are
associated with the propagation of interplanetary shock
waves generated by CMEs (Gopalswamy et al., 1998;
Classen et al., 2002). The most reliable indicator of shock
waves in the solar corona are slowly drifting type Il
bursts. It is believed that the plasma mechanism of radio
emission is responsible for their generation (Cairns et al.,
2003).

Further detailed studies showed that there is a certain
connection between the parameters of microwave bursts
IV and the parameters of bursts Il type in the range of 25-
180 MHz. The original records of dynamic spectra of ra-
dio emission of the Sun in the range of 25-180 MHz were
used for the analysis.
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Figure 3: a). The relationship of the proton flux of solar
cosmic rays I, with the integral flux of x-bursts. b). The
relationship of I, with the parameter of radio bursts of
type Il bursts. c). Scattering diagram between the
calculated 1p,c (5) and the observed values of the
intensity of the proton flux of solar cosmic rays Ip.

Comparative analysis showed that there is a fairly
strong relationship between the parameter a; in the regres-
sion model (6) (Isaeva & Tsap, 2017) characterizing the
decrease in the frequency drift rate of type Il radio bursts
in the range of 25-180 MHz and the rise time of trse u-
bursts at a frequency of 8800 MHz. The correlation coef-
ficient r between trise and a; is = 0.68 (see Fig. 4a). Due to
the fact that u-bursts differ significantly in duration, the
rise time of trise is expressed as a percentage of the dura-
tion of u-bursts. In this case, the burst duration for each
event was equal to 100%.
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Figure 4: a). The relationship between the parameter g;
and the rise time t, of type IV microwave bursts at
8800 MHz; b). The relationship between the frequency
fmina and the integral flux IF,ldt of type IV microwave
bursts at 8800 MHz; c). The scattering diagram be-
tween the calculated V¢snock (7) and the observed values
of shock wave velocity Vsnock

A fairly strong connection was also found between the in-
tegral flux of u-bursts [F,dt at a frequency of 8800 MHz and
the value of the frequency fimin at the 1-st harmonic at the
moment of the minimum relative distance between the har-
monics of type Il bursts (3), where the correlation coefficient
r between the studied parameters is ~ 0.67 (see Fig. 4 b)).

log10 Ve shock = 0.197 - logyo Fy, + 0.242 -

10g10 t# - 0.243 " 10g10 trise + 2.111 (7)

In the present work, the relationship between the coronal
shock wave velocity Vsnoek (tabular data) and various pa-
rameters of type IV radio bursts was also investigated. A
comparative analysis showed that there is a strong rela-
tionship between the coronal shock wave velocity Ve shock
and the parameters of microwave bursts (7) (see Fig. 4c),
where Fr, is the maximum value, t, is the duration and trise
is the rise time of the u-burst at a frequency of 8800 MHz,
where the correlation coefficient r between the calculated
Veshock (7) and the observed values of shock waves Vnock iS
=~ 0.78. In Fig. 4c), the number of events is significantly
smaller (N=55) than in Fig. 4 a) and b). This is due to the
fact that not all type 1l bursts have original records or es-
timated values for the coronal shock wave velocity Vshock.

The presence of a fairly strong connection between the
parameters of type IV continuous microwave bursts and
the parameters of type Il meter-decameter bursts, as well
as with the velocity of shock waves, definitely indicates
that coronal shock waves are associated with flares, which
is quite consistent with the results of other authors (Wag-
ner et al., 1983; Vrsnak et al., 1995).

6. Conclusion

As a result of detailed studies, it was shown that for the
overwhelming majority of proton events, the main accel-
eration of SCR protons occurs in the flare region and for
such events, a strong relationship is observed between the
proton flux and the parameters of type IV continuum mi-
crowave bursts. For the remaining part of the proton
events, which were accompanied by type IV and type Il
radio bursts in the range of 25-180 MHz, the main or ad-
ditional acceleration of SCR protons occurs at the fronts
of coronal shock waves and for such events, a strong rela-
tionship is observed between the SCR proton flux and the
parameters of type Il radio bursts. It was also shown that
for proton events, which were simultaneously accompa-
nied by type 1V and type Il radio bursts, a sufficiently
strong relationship is observed between the velocity of
coronal shock waves and the parameters of type 1V mi-
crowave bursts, which definitely indicates that coronal
shock waves are generated by solar flares.
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