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     ABSTRACT. Coronal mass ejections (CMEs) mostly 

affect the geomagnetic field. These structures are ob-

served and studied with coronagraphic images therefore 

we don’t see the corona in the plane of the sky and  the 

measurements of the propagation speed for solar disk 

events are not accessible to coronagraphic observations. 

This suggests that microwave emission of solar flares that 

can be attributed to the gyrosynchrotron mechanism of 

mildly relativistic electrons can be used. In turn, the rela-

tionship between coronal shock waves and CMEs also 

remains unclear. 

     The data set that we use in this study is based on mi-

crowave (μ) observations of spectral fluxes Fμ  at 8.8 GHz 

obtained with the Radio Solar Telescope Network for the 

124 proton solar events . The correlation coefficient r be-

tween the CME velocities VCME  and integral fluxes of mi-

crowave emission  ∫Fμdt  achieves of about 0.8 while it 

does not exceed 0.36 between VCME  and the  shock wave 

velocities.  It has been found the quite strong correlation 

between the growth rate of microwave emission and the 

deceleration of frequency drift in the frequency range of 

25-180 GHz (r ≈ 0.66).  The obtained results suggest that 

microwave observation can be used to predict VCME  and 

the shock wave generation occurs in the region of flare 

energy release.  
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     1. Introduction 

  
 The data set includes 124 proton events recorded from 

06-11-1997 to 20-09-2015 with proton energies > 1-100 

MeV, which were simultaneously accompanied by the 

microwave IV type bursts (μ-bursts)  and coronal mass 

ejections (CME).  

 This data set contains a large number of overlapping  

proton events, which were separated and identified by the 

authors themselves.  In this connection, some of these 

events are absent in the world data center (WDC), where a 

list of proton events with proton energies > 10 MeV is 

given and where overlapping events are not always sepa-

rated.  Among  the 124 proton events 76 ones are present 

in the proton events directory ftp://ftp.swpc.noaa.gov/ 

pub/indices/SPE.txt,  and 48 events have been identified 

by us independently. As a result, the list includes super-

imposed proton events with energy E  > 1-100 MeV. 

     When identifying proton events with flares, we were 

guided by generally accepted criteria. However, we do not 

exclude the mistakes made by us in the separation and 

identification of complex overlapping events. 

     The most important criterion for the proton flares is the 

presence of a U-shaped and W-shaped type of the frequen-

cy radio spectrum of continual radio bursts of IV type in 

the range of 25-25000 MHz. Such types of frequency ra-

dio spectrum have a deep minimum in the decimeter range 

and the pronounced maxima in the centimeter and meter 

ranges. Earlier it was shown by a number of authors that 

we can estimate the total number of accelerated particles 

based on the parameters of microwave bursts whereas  the 

conditions  of particle escape follow from the parameters 

of meter-decameter bursts (Akin'yan et al., 1977, 1978, 

Chertok 1982; Chertok et al., 1987; Melnikov et al., 1990; 

1991; Lipatov et al., 2002). The sufficiently powerful me-

ter-decameter component of the continuum radio bursts of 

the  IV type suggests the favorable conditions (Daibog et 

al., 1987) and  vice versa. 

     Another important criterion of for proton flares is the 

effective duration of microwave bursts at the frequency of 

a microwave spectral maximum. Using this parameter, we  

can estimate the enrichment of the solar energetic particles 

(SEP) by protons with respect to electrons. In particular, 

Daibog et al. (1989, 1993) have shown that the accelera-

tion of sub-relativistic protons requires significantly more 

time than electrons. 

     The next important criterion of proton flares is the he-

liographic longitude of the proton flare λ, counted to the 

east and west of the central meridian on the Sun. It is 

known that there is a very strong dependence of the pa-

rameters of proton fluxes on the heliographic longitude of 

flares (Ochelkov, 1986), since the direction of propagation 

of the proton flux is determined by the spiral structure of 

the interplanetary magnetic field.  

    Thus, to identify proton events with flares, it is neces-

sary to know the heliographic longitude of the flare and 

the type of the frequency radio spectrum. 

     It is known that the microwave IV type bursts (μ-

bursts) are always accompanied by bursts of soft X-ray 

emission. Therefore, based on the time of the flare maxi-

mum and coordinates in X-rays, it is possible to identify 

the radio bursts on the solar disk with proton events. 

     Using the coordinates of the X-ray flare, we can esti-

mate the arrival time of the first protons at the near-Earth 

orbit. In this case, it is necessary to take into account the 

time delay between the first protons detected near-Earth 

orbit and the peak of the X-ray  flare emission. The corre-

sponding delay time largely depends on the heliographic 

longitude of the flare. The shortest delay time is observed 
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for western proton events with heliographic longitude in 

the range from 60 to 90 degrees, measured from the cen-

tral meridian on the Sun.   High-energy protons with   

E > 100 MeV  are registered the first  in  about 20 minutes 

after the peak of X-ray flare emission. However, the delay 

time for the eastern events is much longer than the delay 

time for the western ones and can range from a few hours 

to three days. The delay time, or the geometry of propaga-

tion of the proton flux in the interplanetary space, is de-

termined by the degree of diffuse scattering of the proton 

flux. The longer proton path is caused by the more diffuse 

scattering, and as a consequence, the decrease in the inten-

sity of the proton flux in the Earth's orbit. It should be 

taken into account that the fluxes of high-energy protons 

undergo the greatest attenuation. As a result that, the ener-

gy spectrum of the protons becomes steeper, that is, for 

eastern events, an increase in the exponent of the energy 

spectrum of the protons is observed. Moreover, the higher 

the degree of diffuse scattering of the proton flux, the 

greater the rise time of the proton flux, which in turn af-

fects the temporal profiles of the proton flux. Therefore, 

for eastern events, the temporal profile of the intensity of 

the proton flux becomes smooth, and for the  eastern  

events on the limb of the  Sun, the growth time can be 

even longer than the decay time. At the same time, for 

western proton events a sharp increase in the intensity of 

the proton flux is observed for several hours.  

     The identification of proton events with flares, for sin-

gle western proton events, is not very difficult. However, 

for a series of overlapping proton events, the identification 

procedure can be ambiguous, because in a series of over-

lapping events, both western and eastern events can be 

present, spread over time from several hours to 3 days. 

But, despite this, the vast majority of overlapping proton 

events can be divided and identified with flares. 

     To identify proton events with flares, we used the orig-

inal data of X-ray emission from the Sun and the proton  

fluxes  using GOES data, as well as the original records of 

the radio emission of the Sun in the range 25-15400 MHz.  

    

2.  Background data 

 

     The original data of the intensity of the proton flux 

with energy > 1-100 MeV and the X-ray emission  in the 

ranges 0.05-0.4 and 0.1-0.8 nm (https://satdat.ngdc.noaa. 

gov/sem/goes/data/new_avg/). 

     Dynamic spectra in the range 25-180 MHz 

(http://www.ngdc.noaa.gov/stp/space-weather/solar-data/ 

solar-features/solar-radio/rstn-spectral/). 

     Solar  radio emission at frequencies of 245, 410, 610, 

1415, 2695, 4995, 8800, 15400 MHz (https://www. 

ngdc.noaa.gov/stp/space-weather/solar-data/solar-features/ 

solar-radio/rstn-1-second/ ).  

     Tabular data of the shock wave velocities detected in 

the range 25-180 MHz (http://www.ngdc.noaa.gov/stp/ 

space-weather/solar-data/solar-features/solar-radio/radio-

bursts/tables/spectral-sgd/).  

     Tabular data of velocities of coronal mass ejections (CME) 

(https://cdaw.gsfc.nasa.gov/CME_list/UNIVERSAL/text_

ver/univ_all.txt) . 

 3. Relationship between CME velocities and para-

meters of continual radio bursts 

 

In this paper, the relationship between the CME  ve-

locities VCME and the parameters of continual radio bursts 

in the range 245-15400 MHz is investigated. Comparative 

analysis has shown that there is a strong correlation be-

tween VCME  and the integral flux of microwave bursts 

∫Fμdt in the range of 2695-15400 MHz.  Fig. 1a shows the 

relationship between VCME and ∫Fμdt at 8800 MHz, where 

N is the number of events, and r is the correlation coeffi-

cient between these values. For the vast majority of proton 

events, indicated by black circles, the correlation coeffi-

cient r between VCME and ∫Fμdt is about 0.80. The gray 

line in Fig. 1a shows the linear regression (1), which is 

described by the equation  

 

      (1), 

 

where VCME,μ is the calculated value. The light circles in 

Fig. 1a  are most likely related to errors in the identifica-

tion of proton events with flares and CMEs. Among 14 

events marked with light circles, 7 ones were identified by 

the authors, the rest were taken from the WDC catalog. 

But, out of these 7 events, 3 in the microwave range 4995-

15400 MHz  were accompanied by bursts of GRF type, 

but they had a sufficiently powerful continual burst in the 

range 245-2695 MHz. In connection with this, these 

events were included in the sample of proton events. If  7 

events identified by the authors and 3 events that  were  
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Figure 1: The relationship between the CME velocities 
VCME and the integral fluxes of continual radio bursts ∫Fdt. 

 

R510
Пишущая машинка

R510
Пишущая машинка

http://www.ngdc.noaa.gov/stp/space-weather/solar-data/%0bsolar-features/solar-radio/rstn-spectral/
http://www.ngdc.noaa.gov/stp/space-weather/solar-data/%0bsolar-features/solar-radio/rstn-spectral/
http://www.ngdc.noaa.gov/stp/%20space-weather/solar-data/solar-features/solar-radio/radio-bursts/tables/spectral-sgd/
http://www.ngdc.noaa.gov/stp/%20space-weather/solar-data/solar-features/solar-radio/radio-bursts/tables/spectral-sgd/
http://www.ngdc.noaa.gov/stp/%20space-weather/solar-data/solar-features/solar-radio/radio-bursts/tables/spectral-sgd/
https://cdaw.gsfc.nasa.gov/CME_list/UNIVERSAL/text_ver/univ_all.txt
https://cdaw.gsfc.nasa.gov/CME_list/UNIVERSAL/text_ver/univ_all.txt


accompanied by GRF bursts, to exclude from this sample, 

then only 4 events will remain for which there is a poor 

correlation  between  VCME and the integral flux of μ-

bursts. 

     It is also seen  that the correlation between the VCME  

and the integral flux ∫Fdt decreases significantly with de-

creasing frequency, and the correlation coefficient  r be-

tween VCME and ∫Fdt does not exceed 0.45 in the meter 

range at  245 MHz, (see Figure 1b). 

 

     4. Relationship between coronal shock waves and 

CMEs 

 

     To study the correlatiobetween shock waves and 

CMEs, the tabular data of  the shock wave and CME ve-

locities,  as well as original dynamic spectra in the range 

25-180 MHz, were used. 

     It is known that shock waves can be generated both by 

solar flares and coronal mass ejections. The II type bursts 

in the decimeter-meter ranges  are associated with shock 

waves caused by flares (Wagner et al., 1983, Vrsnak et al., 

1995), while the decameter-hectometre  bursts is related to 

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 the slowly drifting type II bursts. It is believed, 

that the plasma mechanism of radio emission is responsi-

ble for their generation (Cairns et al., 2003).  

 In this paper, the following approximation of the de-

pendence of the frequency fi,j on the time ti is used 

 

               (2) 

 

where ti is the time of the maximum intensity of the II 

type  burst at the frequency fi,j, aj and bj are the linear re-

gression coefficients, i = 1 ... n  is the account number,  j = 

1,2  is the harmonic number. The zero point of time for all 

events corresponds to the beginning of the first harmonic 

at a frequency of 180 MHz. The approximation (2) allows 

us to estimate the frequency fi,j in the range 25 -180 MHz 

for 95% of the events quite precisely. In particular, the 

correlation coefficient r between the calculated fi,j and 

observed frequency values f turned out to be greater than 

> 0.98 for selected events (see Figure 2с). Fig. 2 shows 

the histograms of the distribution of the number of events 

for which the correlation coefficient r between the ob-

served value of f and the calculated value of the frequency 

fi,j  lies in a specified range of values.  Other approxima-

tions  (3,4) 

 

         (3) 

                  (4) 

 

of the frequency dependence on time was previously used, 

which gave a lower accuracy of frequency estimation (see 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 
 

Figure 2: The comparison of the different approxima-

tions describing the dependence of the frequency fi,j on 

the time ti 

 

Figure 3:   The relationship between shock wave ve-

locities Vshock  and CME velocities  VCME.  
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Figure 2a,b). In Fig. 3a,b shows the relationship between  

the  CME velocities VCME,  shock wave velocities Vshock,  

and  the parameters aj, which characterize the slowdown 

of frequency drift in the model (2). It is clear that the cor-

responding correlations are weak. At first glance, this can 

explain by different time of registration of shock wave 

velocities  and  CME. However, the correlation between 

the CME velocities VCME  and the frequency drift veloci-

ties    , calculated at the time of CME detection 

turned out to be weak.  

  

     5. Relationship  between shock waves and solar 

flares    

 

     Let us consider the correlation between shock waves 

and the parameters of μ-bursts  in terms of  the original  

radio data at 8 fixed frequencies in the range 245-15400 

MHz. A comparative analysis has shown that there is a 

relatively good correlation between the parameters aj  and 

the rise time tμ  of μ- bursts at the frequency of 8800 MHz. 

The correlation coefficient between tμ and aj is ≈ 0.66 (see 

Figure 4a).  Note that we took into account        that flares 

differ significantly in intensity and duration we therefore 

expressed the rise time tμ  as a percentage of the duration 

(100%) of μ-bursts. 

     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

     The correlation between the shock wave velocities 

Vshock and the integral fluxes ∫Fμdt of μ-bursts at the fre-

quency of 8800 MHz was also investigated. The correla-

tion coefficient between ∫Fμdt and Vshock ≈ 0.55 (see Fig. 

4b). The weak correlation between Vshock and ∫Fμdt is most 

likely due to the fact that different stations give averaged 

estimates of the velocity of shock waves at different time 

a fairly large dispersion should be observed. Despite this, 

the correlation between ∫Fμdt and Vshock can by quite clear-

ly seen for the majority of proton events (see Fig. 4b). 
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