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ABSTRACT. This work is a continuation of the work
(Isaeva E., 2018) in which a new approximation of the in-
tegral energy spectrum of solar cosmic ray (SCR) protons
was presented in the range > 1-100 MeV. In this work, the
comments and wishes of colleagues working in this field
were taken into account. First, the comments were taken
into account on the form of the functional for approximat-
ing the energy spectrum of protons, which must correspond
in form to the functionals predicted by particle acceleration
theories. Secondly, the previously obtained functional
should be checked for high-energy protons with energies
>1000 MeV.

For the analysis, we used original records of the intensity
of the flux of SCR protons according to the data from
GOES. The studied sample contains 349 solar proton
events (SPE) for the period from 03-02-1986 to 12-02-2018
years, accompanied by protons with energies in the range >
1-850 MeV. Of 349 SPE, 53 were accompanied by high-
energy protons with energies > 850 MeV.

In this paper, we present the results of approximation of
the integral energy spectrum of SCR protons with energies
> 1-850 MeV using a functional containing power and ex-
ponential functions. A comparative analysis showed that
this functional gives a very good approximation for SCR
protons with energies in the range > 1-850 MeV.

Keywords: Proton events, energy spectrum of protons, in-
tensity of the proton flux.

AHOTALIA. dana poboTa € TpPOIOBXKEHHAM poOOTH
(Isaeva E., 2018) B sikiii Oy/uia mpeacTaBiicHa HOBA alPOK-
cUMaris iIHTeTPaJbHOTO CHEPTETHIHOTO CIIEKTPa MPOTOHIB
constyrnx Kocmivnux npomeniB (CKII) B miamasoni > 1-
100 MeB. Y naniit pobori Oysiu BpaxoBaHi 3ayBa)k€HHS Ta
noOa)kaHHsI KOJIET, SIKi IPaIoloTh B 1ii ranysi. [To-nepiue,
OyJI BpaxoBaHi 3ayBa)KeHHsI 110 10 GopMu (YHKIIOHATY
JUIsl amlMpoKciMalil eHepreTUYHOro CIeKTpa IPOTOHIB,
SIKHHA 32 (OPMOIO TOBHHEH BIiANOBiAaTH (yHKIIOHAIAM,
SKi MPOPOKYIOTH Teopil NPHCKOpeHHs 4YacTHHOK. Ilo-
IpyTe, paHille OTpPUMAaHWH (QyHKIiOHAN Tpeba Te-
PEBIPUTH U BUCOKOCHEPTIYHUX IPOTOHIB 3 CHEPTIEI0
>1000 MeB.

Hunst ananizy OyIid BUKOPHCTaHI OpHUTiHANBHI 3aluch
inTeHcuBHOCTI motoky nportoHiB CKII 3a panumu 3
GOES. MocnimxyBana BuOipka MicTHTh 349 COHSYHHX
npotounux moxii (CIIII) 3a mepiox 3 03-02-1986 mo 12-
02-2018 poku, 1O CYNPOBOKYBANWCS MPOTOHAMH 3

eHepriero B aiamazoni > 1-850 MeB. 3 349 CIIIT 53 cynpo-
BOJUKYBAJIMCS  BHCOKOCHEPTiHHMUMHU NPOTOHAMH 3
eHepriero > 850 MeB.

VY naniif poOOTI HaBOJATHCS PpE3YNbTaTH AaNpoKCH -
Mamii 1HTerpajJbHOrO EHEPreTHYHOIo CHEeKTpa MPOTOHIB
CKII 3 enepriero > 1-850 MeB 3a nomomoror (QyHKINO-
HaJly, 0 MICTHTh CTYIEHEBY 1 €eKCIIOHEHTHY (YHKIIII.

[NopiBHsanpHUI  aHANi3 MOKa3aB, MO JaHUK (QYHKITIO-
Hall Jae qyxe rapHe HabmmkeHHs it npotoHiB CKIT 3
eHepriero B jaiama3oni > 1-850 MeB.

Ku1i04oBi cj10Ba: MpoTOHHI TMOJii, EHEPTETHYHUN CIIEKTP
MIPOTOHIB, iIHTEHCUBHICTH IIPOTOHHOTO MOTOKY.

1. Introduction

Currently, it is believed that SCR can be accelerated either
in the region of flare energy release in the current sheets
(Melnikov V. et al., 1986; 1991; Nidson A. et al., 2008;
Chertok I. et al., 2009) or at the fronts shock waves that can be
generated by both flares and coronal mass ejections (CMES)
(Reams D., 1999; Cliver E. et al., 2004). However, the paper
(Tsap Yu. And Isaeva E., 2012) provides strong arguments in
favor of the model of a two-stage acceleration mechanism pro-
posed half a century ago (Wild J. et al., 1963).

It is known that the shape of the energy spectrum of SCR
protons is directly related to particle acceleration mecha-
nisms. In this regard, attempts are made to empirically rep-
resent the SCR spectrum based on observational data or on
general physical considerations. In fact, obtaining the true
spectrum of accelerated particles in the source is a very dif-
ficult task (Miroshnichenko L., 2014; 2018). Shock waves in
the corona, and then the effects of the transfer of accelerated
particles in an interplanetary magnetic field (IMF), associ-
ated with the dispersion of particles in velocity, strongly
modify the observed spectrum. As a result, the spectrums of
SPEs in the Earth’s orbit are distinguished by a wide variety
of shapes and intensities. Only the spectrum of particles
with an energy of E, > 500 MeV approximately corre-
sponds to the spectrum of the source.

Figure 1 shows examples of typical integral energy spec-
trums of SCR protons with energies in the range E, > 1-850
MeV for six SPEs.

Figure 1 clearly shows the significant differences be-
tween the events, both in the form of their spectrum and in
intensity. The spectrum have a clearly pronounced variable
slope, and with increasing energy, the spectrum becomes
steeper. An explanation for this behavior has not yet been



120

Odessa Astronomical Publications, vol. 32 (2019)

found. It can only be stated that the spectrum can be de-
scribed above the kink energy by a power-law function with
exponential cutoff (Akinian et al., 1983; Ellison et al.,
1985). According to (Band et al., 1993; Mewaldt et al.,
2005; 2006; 2012), such spectrums are better described by
a double power function.
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Figure 1: a) Integral energy spectrum of SCR pro-
tons. b) The contribution of each parameter in func-
tional (1) in the formation of the integral energy spec-
trum of protons.

For the analysis, we used the original records of the inten-
sity of the proton flux I, with the energy E; in the range Ep>1-
850 MeV from data from apparatuses of the GOES series
(https://satdat.ngdc.noaa.gov/sem/goes /data/new_ava/), and
also a list of solar proton events (SPE). The sample studied
contains 349 proton events for the period from 03-02-1986
to 12-02-2018 years. This sample is complete, since it con-
tains almost all events registered for the specified period, in-
cluding very weak events and superimposed events, which
were separated and identified by the author independently. In
this connection, errors associated with the separation and
identification of proton events are possible. In this sample of
349 SPE 168 events were identified by the author, and the
remaining events are present in the SPE directory
(ftp://ftp.swpc.noaa. gov/pub/indices/SPE.txt). For all these
events, an attempt was made to find a single empirical de-
pendence of the proton flux intensity I, on the proton energy
Ep>1-850 MeV. To this end, original records of the intensity
of the proton flux I, with the energy E; in the range Ey>1-
850 MeV for all 349 proton events were processed. As a pa-
rameter characterizing the proton flux, the maximum inten-
sity of the proton flux I, of a given energy was chosen during
the proton event. The value of the I, parameter was calcu-
lated from the preflare level. In the case of superposition of
proton events, the value of I, was calculated from the level
of the previous proton event. Emissions associated with in-
terference and with the imposition of shock waves were also
eliminated.

3. Approximation of the integral energy spectrum of
SCR protons in the range Ep> 1-850 MeV

In figure 1a) shows the characteristic types of energy
spectrum for the SPEs accompanied by high-energy pro-
tons with an energy of Ey,> 850 MeV. There are 53 such
events in the studied sample. In figure 1a) the energy spec-
trum of protons are shown, the shape of which gradually
changes from an almost rectilinear spectrum to a spectrum
with a kink.

In this work, the approximation of the energy spectrum
of SCR protons in the range E, > 1-850 MeV was per-
formed using functional (1), which contains power and ex-
ponential functions,

1/2

I, =104 -E,%-e(PEo+eBy) ()

p

where a, b, cand d are the linear regression coefficients that
were found using the least squares method. In figure 1a) the
black circles indicate the observed values of the proton flux
intensity, and the thin solid black line shows the values cal-
culated using the functional (1).

It can be seen that the approximation of the spectrum us-
ing the functional (1) gives a very good approximation.
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In figure 1 b) the contribution of each parameter (2-5) in
the functional (1) to the formation of the spectrum is shown.
The X axis represents the decimal logarithms of the proton
energy Ep, and the Y axis shows the logarithms of the pro-
ton flux intensity I,. In figure 1 b) the gray horizontal line
indicates the initial values of the proton flux intensity lo (2),
as well as the numerical values of the decimal logarithm lo.
The red color indicates the contribution of the power func-
tion (3) to the formation of the spectrum, and the blue (4)
and green (5) colors indicate the contribution from the ex-
ponential functions.

In Figure 2 shows the scattering diagrams between the
observed and calculated values of the proton flux intensity
SCR I, in the range E, > 1-850 MeV. Of the 349 proton
events, 249 were accompanied by protons with energies
Ep> 100 MeV and 53 events were accompanied by protons
with Ep > 850 MeV.
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Figure 2: Diagrams of scattering between observed
and calculated values of the proton flux intensity SCR.

4. Conclusion

A new approximation of the observed energy spectrum
of SCR protons in the range E, > 1-850 MeV gives a fairly
good approximation. Therefore, a comparison of the ob-
served proton spectrum with the spectrum predicted by
SCR acceleration models can be more accurately estimated
by the conditions in the acceleration source, as well as the
contribution of transport effects in the interplanetary mag-
netic field, and the additional particle acceleration by coro-
nal and interplanetary shock waves.
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