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COMPARISON OF CHARACTERISTICS
OF PHOTONS FLUXES VARIOUS ENERGIES
IN THE DEVELOPMENT OF SOLAR GAMMA FLARES

Abstract. The characteristics of photons fluxes of various energies during the development of flares with high-
energy gamma rays are considered. Observations on FERMI, SDO, GOES spacecraft were used. Photons fluxes with
energies Ek= (12-25) keV, Ek= (50-100) keV and Ek > 100 MeV for 19 flares events were compared. Comparison of
quantitative and temporal characteristics of photons profiles of X-ray energy range with properties of bright flares
plasma showed that for almost all events the moments of onset of peaks (12-25) keV and maximum values (50-100)
keV of photons in counts/s refer to the time interval from the beginning of flares development within 22 minutes.
The same result is noted for events with the most intense maximum fluxes in (ycm-2 s-1) for high energy
photons > 100 MeV. This supports the assumption of the most effective acceleration of particles during the
simultaneous development of the direct flare process and the accompanying coronal mass injection, resulting in the
creation of maximum fluxes values of highly energetic gamma photons. Flares events with the most intense
maximum fluxes in (ycm-2-s-1) for high energy photons > 100 MeV do not show the highest values of the number of
photons in the X-ray energy ranges, indicating differences in the efficiency of photons formation mechanisms of
different energies. According to observations, the most likely source of quantitative amplification of flares photons
with energies (12-25) keV is the results of bremsstrahlung radiation of bright flares emission in corona, and for
photons with energies (50-100) keV - in the area of upper photosphere and temperature minimum.

Keywords: Solar flares, flare plasma emission, coronal mass ejection, X-ray and gamma ray.

Introduction. With use of the observation data obtained by means of the modern solar spacecrafts
(SC) there was an opportunity to study properties of flare fluxes photons of different energy. During the
impulse phase of flares, the main mechanism of particle acceleration is the release of free magnetic energy
in the active region due to its dissipation in current sheets caused by magnetic reconnection followed by
stochastic acceleration during the development of various plasma instabilities [1-3]. The process of
magnetic reconnection occurs in both the corona and the chromosphere of the Sun [4]. As a result of the
effect of magnetic reconnection, flows of fast-moving plasma, heat waves and highly energetic charged
particles are observed from the area of primary energy release, some of which propagate along magnetic
flux tubes into the underlying layers of the solar atmosphere. When interacting with denser plasma in loop
bases, X-rays, gamma rays are generated and plasma is heated. Rapid heating of the plasma in the
photosphere and chromosphere results in its "evaporation™ and rising upward and filling the entire volume
of magnetic arches. During this period, the greatest increase in soft X-rays is observed.

It is generally assumed that the occurrence of flares and associated coronal mass ejections (CME) is
closely related to the imbalance of magnetic structures of the active regions during their evolution. As the
magnetic structures of the active regions with the magnetic field polarities on the line of separation
develop, the filaments are continuously complicated. Above the filaments there are closed loops of
magnetic field, which create a generally closed magnetic configuration of the entire active area up to
coronal heights. At continuous action of shear movements on the bases of magnetic loops along the line of
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polarity separation, the filament (prominence) loses stability and begins to climb up rapidly, opening the
magnetic structure and forming the "core™ of CME. It is possible that it is with the process of "breaking"”
the vertices of coronal magnetic loops that the moving filament is associated with the impulse phase of the
flare, because energy release is recorded in these areas and hard X-ray sources are observed.

An important source of particle acceleration in flares is their acceleration on shock wave fronts arising
from the propagation of CME from the active regions to the upper layers of the corona and in the
interplanetary environment. When protons of flares accelerate to Ek > 500 MeV energies, due to their
nuclear interaction with the substance of the solar atmosphere, neutral pion are generated [5], at the decay
ofwhich gamma rays of high energy photons > 100 MeV produces.

The given physical, structural and dynamic properties of the active regions during the development of
flares processes indicate the possible action of several mechanisms in the formation of photons of different
energies.

Results of observation data processing. Properties fluxes of flares photons with energies
Ek = (12-25) keV, Ek = (50-100) keV and Ek > 100 MeV were compared. From the list of 32 events
presented in the works G.H. Share et al. [6,7] and with time resolution of 1 min for gamma ray fluxes
Ek > 100 MeV, the only 19 of events that occurred in the period 2011-2017 were selected. This limitation
is due to the mandatory presence in the observation data of profiles of quantitative changes of photons
with energies Ek = (12-25) keV, Ek = (50-100) keV. Observations from FERMI spacecraft using GBM and
LAT instruments were used.

Table 1 shows some characteristics of photon fluxes in X-ray energy intervals (12-25) keV and
(50-100) keV, as well as of sustained gamma ray with energies > 100 MeV.

Table 1- Characteristics of flares and fluxes of photons different energies

GBM peak GBM max LAT
Date GOES X-ray (12-25) keV (50-100) keV FnaXv:10MV
Class, Start counts/s counts/s y-cm'2-s1
uT uT uT

1 07/03/2011 M3.7 19:43 1.210520:03 1.0 10420:02 2.3 10520:26
2 07/06/2011 M2.5 06:16 6.910406:26 1.3 10406:25 5.5 10508:00
3 04/08/2011 M9.3 03:41 5.910503:54 15 10403:52 4.3 10505:06
4 09/08/2011 X6.9 07:48 1210608:08 7.0 10508:06 7.7-10-408:03
5 06/09/2011 X2.1 22:12 8.710522:20 4.2 10522:19 5.7-10422:27
6 07/09/2011 X1.8 22:32 1.010622:38 1.7 10522:37 1.6 10523:37
7 24/09/2011 X1.9 09:21 8.010509:42 4.0 10509:35 1.6 10-409:43
8 09/03/2012 M6.3 03:22 1.310603:39 8.010303:41 1.3 10503:50
9 03/06/2012 M3.3 17:48 1.710517:55 2.5-10417:53 3.810417:54
10 23/10/2012 X1.8 03:13 8.3 10503:16 2.5 10503:15 2.3 10504:17
1 27/11/2012 M1.6 15:52 1.110515:57 9.010315:55 2.510515:59
12 11/04/2013 M6.5 06:55 2.1 10507:10 3.0 10307:10 1.7-10407:13
13 13/05/2013 X2.8 15:48 7.810516:07 2.310516:04 3.810517:42
14 14/05/2013 X3.2 01:00 9.4 10501:13 2.4 10501:08 1.710501:42
15 11/10/2013 M4.9 07:01 4.1 10407:17 2.2-10207:10 4.7 10407:19
16 25/10/2013 X1.7 07:53 2.7 10508:07 2.6 10308:07 2.5 10508:17
17 28/10/2013 M4.4 14:57 1.610514:59 6.010214:59 2.610515:45
18 25/02/2014 X4.9 00:39 8.1 10500:53 5.0 10500:46 1.510-301:22
19 10/09/2017 X8.2 15:44 1.010616:22 8010516:12 1.310-216:00

The second column of the table shows the peak values ofthe number of photons (12-25) keV counts/s
determined for each event during the maximum period of their fluxes and presented on the site of FERMI
GBM. Using FERMI GBM QUICKLOOK graphs, the maximum photons (50-100) keV counts/s (third
column) were determined. And accordingly, to obtain maximum photons fluxes Fmex ycm '2-s-1 with
energies > 100 MeV and time resolution 1 minute (fourth column), were used observation graphs on the
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FERMI LAT and published in [6,7]. In table additionally indicates the start time of each flares event, as
well as the moments of onset of peaks and maximum quantitative values for photons of different energies.

Using the data presented in the table, separate graphs were constructed taking into account the photon
energy intervals showing the peak and maximum photons fluxes values for the respective moment after
the flare began. All considered events are conditionally divided into two groups: the first (red dots) -
flares, which had the highest values of gamma-ray fluxes Frmex¥100MeV>1.0-10"4 (ycm™2 s_1) and the second
group (black dots) - the rest, with smaller values.

Figure 1 - Comparison of peak values (peak countss-1) of photons (12-25) keV, maximum values (max counts e s-1) of photons
(50-100) keV and maximum values of gamma-fluxes (FraP10MVycm'~s' ) with time interval value in minutes after flares start

Both upper graphs in figure 1 with quantitative values of X-ray energy photons show approximately
the same contribution of both groups of events to the range of observed values. This indicates that there is
no clear link between the effectiveness of photons amplification mechanisms with X-ray and gamma
energies. A clear example: of all the events taken for consideration, the lowest values of the number of
photons with X-ray energies were found for the flare of October 11, 2013, included in the 1-st group of
events with the highest values fluxes of photons with gamma energy >100 MeV.

Except for one event, for all others, the moments of emergence of peaks (12-25) keV and the
maximum values (50-100) keV of photons in counts/s lie in the range of time from the beginning of
development of flares within 22 min. The same conditions correspond also to the most intensive maximum
fluxes in (ycm -2 s-1) for photons of gamma energy >100 MeV. This supports the conclusion in the article
[8] about the most efficient formation of high-energy gamma rays due to the very intense acceleration of
particles (with the energy of protons Ek > 500 MeV), when flare development simultaneously with shock
waves of CME.

In most events, the peak values for (12-25) keV were observed slightly later than maxima in the
profiles of (50-100) keV.
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Figure 2 - Comparison of the temporary development profiles of GOES X-ray (1-8) A flares, quantitative changes of photons
(12-25) keV, (50-100) keV and relative ultraviolet intensity of flares emission for the events of September 6, 2011
and February 25, 2014. Peaks photons (12-25) keV marked on the corresponding profiles with small vertical ledges

Comparison of profiles of temporary changes of quantity of photons to energy (50-100) keV shows
their good coincidence to relative of photosphere of flare emission Al A/1700 A. This is expressed not only
in the similarity of profiles view, but also, most importantly, in the simultaneous onset of maximum
values. The corresponding photons profiles with energies (12-25) keV show a longer time interval with
maximum values, which is most characteristic of changes in the intensity of flares emission in the corona.

Figure 3 - Fe X193A corona photogeliograms (data spacecraft SDO) 6 September 2011 22:20:19
and 25 February 2014 00:53:30
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By way of example, Figure 3 shows images of the AJ193A corona (Fe XII, XXIV) obtained on the
SDO for the events of September 6, 2011 and February 25, 2014 during peaks quantity of photons (12-25)
keV. Bright rays from region of flares plasma directed in opposite directions indicate the presence of solar
excess intensity at these moments for the spacecraft photo matrix pixels in imaging.

This results in an observed overflowing of charges to adjacent pixels having no excess of them - the
instrumental effect of blooming. Coronal photogeliograms most accurately reflect changes in both
luminance and time characteristics of photons having energy (12-25) keV.

Thus, it is possible to assume the source of excess number of photons with energies (12-25) keV -
bremsstrahlung radiation due to of flare emission coronal plasma (AJ193A), and for photons (50-100) keV
due to bright emission of photospheric plasma (AJ/1700A).

Main results and conclusion. The processing of observation material obtained on modern
spacecrafts allows to detect new properties in the development of traditionally studied phenomena of solar
activity.

It has been found that the maximum values of the quantitative characteristics of photon flares fluxes
having X-ray energy at intervals (12-25) keV and (50-100) keV are observed during the initial
development period of the flares, within 22 minutes. But the most surprising thing is that such a picture is
present for the most powerful Frmex¥100MeV>L0 104 (y cm"2s]) fluxes of photons gamma rays. This
indicates the most effective particle acceleration with the simultaneous development of the flare process
and high-speed coronal ejection. This results in the formation of the most powerful fluxes of energetic
gamma photons.

The photons fluxes characteristics in the X-ray energy intervals (12-25) keV and (50-100) keV are
determined by the behavior of the bright flare emission in the corona (for the first interval) and in the
photosphere, respectively, for the second energy interval.
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[.C. MuHacaHul T.M. MuHacaHyl B.M. Tomo30B2

1B.I". PeceHKOB aTbIHAArbl aCTPOPU3MKabLL UHCTUTYTHI, KP ¥FA (ADPUN®D), Anvatbl, KasakcTaH;
2'H-xep usnka nHcTUTYThl PFA CB, (MC3d). NpkyTCK, Peceii

KYHHLW TAMMA-C3YNENEHY1HW, AAMYbI KE31IHAE OPTYPJI1
SHEPI ANl ®POTOHAAPAbLL, COYNIEJIEHY ATbIHbIHbLL
CUNMATTAMAJAPbIH CAJNIbICTbBIPY

AHHOTauua. >Korapbl 3HEPrusnbl raMMa-cayneneHyLUL, >XapKblibl KesiHgeri spTYpni aHeprusnbl OTOH
arbiH4apbIHbIH cunaTTamanapbl Kapactbipbingel. biz FERMI, SDO, GOES rapbllWTbIK annaparTapbiHbil, 6aKbinay
M3nimMeTrepiH naiiganaHabik. 19 >xapkbin YwiHd Ek = (12-25) keV, Ek = (50-100) keV >xaHe Ek>100 MeV aHeprussibl
(OTOH  arbliHAapbiHa Ca/bICTbipynap XYPrisingi. PeHTreH caynenepuill 3HeprusfblK —aimarbiHblly, — (OTOH
NPoOMUNbAEPLLLL, CaHAbIK X3HE YaKbITLLA CunaTTamMmanapbiH XapKbiH anay niasmMacblHbIL, KaCMeTrepiMeH CabICTbIpy
6apnbIk okuranap YLiH WbIHHBIH 6acTanybl (12-25) keV xaHe makcumangbl MaHgepi (50-100) keV, doToHaapabIH
counts/s famy yakbIT apasbirbiHbIH 22 MUHYTKe CO3blnadbl. [an ocbiHAali HATUXKE >Korapbl aHeprusanbl oToHaap
YwiH >100 MeV makcumangbl arbiHgapbl 6ap okuranapga 6aikanagpl (y cm-2c-1). Bn Tikeneid anay npoueciy 6ip
Mesringe famybl kesiHge GenwekTtepfid Y/IeyiH >aHe XapblibiC Ke3lfe >XYPETIH TMKAIK MacCaHblH LUbIFYbIH
pacTaingbl, H3TVXXECiHAE XOrapbl 3HePruabl raMma-caysenepiHiH MakcuMangpl arbiHgapbl naiga 6onagbl. XKorapb!
3Hepruanel hotoHgap YuwiH >100 MeV makcumangbl arbiHapsl (y cM-2c-1) 6ap Xapkbingap okuranapbl PeHTreHgik
3Heprus AuanasoHbiHAarbl (DOTOH CaHbIHbIH €H >Korapbl M3HAEpLW KepceTneigi, 6°n apTYpni sHeprusbl
(hoTOHAAPbIHbIH TY3ily MexaHW3MAepiHiH TMiIMAIniriHaeri aiblpMallbInbIKTapabl kepceTea™ PeHTreH alimMarbiHga
XapK eTynepaiH faMybl askTanraH yakbiTTaH KeliiH raMma caysneneHy arbiHblHbIH Makucmanabl KYLUeiyi, >xorapsbl
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3Hepruanbl oToHap yww >100 MeV 6apniblk TEMEHN LWamMajarbl okuranap ywi 6axsinaHagbl. COHAbIKTaH [a,
raMma caynenep arbiHbiHbIH KapKbliHAbl AaMYbIHbIH KyLLUeyLUL, MaKCUManbl M3HIe XKeTyi KYH TaKLIL, LWbIraTbiH
arbiH4Aapbl KO34bIPaTbIH COKKbI TONKbIHAAP 60/Tybl MYMKLL.

YaKbIT eTe Kefe POTOHAAP CaHbIHbIH KECKiHIHIH e3repynepiH (50-100) keV aHeprusiMeH canbiCTbIpy KesiHge,
OHbIH Al X1700A canbicTbipManbl (oTocepagarbl XapKbiigbl MAasMaHblH WHTEHCUBTINITIMEH JXaKCbl C3iikec
KeneTWAWH KepceTedi. Byn Tek KeCcKiHHIH Typuil, YKCacTbIrblH raHa emec, COHbIMeH 6ipre Makcumangpl
M3HZEpAiH 6ip yakbiTTa 6acTanybiH kepceTegi. (12-25) k3B aHeprusibl POTOHAAPra Cakec KeCK1IHAep MakcuManibl
M3HIEPMEH Y3aK YaKblT apa/ibirblH KepceTedi, Oyn KyH TIdKAEN XapKblngbl C3yneneHyiHiH WMHTECUBTIMITiHIH
esrepywe ToH. KenTtereH kargaiinapga, (12-25) k3B wbiHbl KeckiHgepgeri makcumymHaH (50-100) kaB-re
KaparaHga 6Gipwama Kewipek 6onagpl. bakbinaynapra caiikec, (12-25) keV aHeprusnbl (pOTOHAAP XKapKbl/blHbIH
CaHAbIK KyLUeiy Kesi, KyH T9XLULL, aiiMarbiHAa XapblKbipay KesiHAeri Texkenw cayneneHyi ceben, an (50-100) keV
3HeprusAnbl PoToHAAP YL (oTocepa ailmarsl XxaHe Temneparypa MUHUMYMbl 60/1bIn Tabbliagpl.

TYViiH ce3ep: KyH XapKbl/ibl, XapblK 3MACCUAbI NasManap, KyH THKIHEH LbirapbinaTbiH Maccanap, peHTreH
X3He ramma cayneneHynepr

I.C. MuHacaHyl, T.M. MuHacaHul, B.M. Tomo30B2

1AcTpomnanyecknii MHCTUTYT um. B.I.®deceHkoBa HAH PK (A®N®), AnvaThbl, KazaxcTaH;
2HCTUTYT COMHEYHO-3eMHoi nsnkm CO PAH (MC3d), MpkyTck, Poccus

COMOCTABJ/IEHNE XAPAKTEPUCTUK MOTOKOB N3NTYHYEHNA ®OTOHOB
PA3HbLIX SHEPTUW MPU PASBUTUNN CONMTHEYHbBIX TAMMA-BCIbILLEK

AHHOTauus. PaccMOTpeHbl XapakTepUCTUKN NOTOKOB (HOTOHOB Pa3/IMUHbIX 3HEPTHil MPU Pa3BUTHMN BCMbILLEK C
BbICOKO3HEPIMYHbIM raMma-u3nyyeHveM. Vcnonb3oBainch [aHHble HAOMIOAEHWIA Ha KOCMMYECKMX annaparax
FERMI, SDO, GOES. T[lpoBefeHo conocTaB/ieHWe MOTOKOB (POTOHOB C 3Hepruamum Ek = (12-25) keV,
Ek = (50-100) keV n Ek>100 MeV gna 19 BChbIWEYHbIX COObLITWIA. CpaBHEHWE KOMYECTBEHHbIX U BPEMEHHbIX
XapakTepucTuK npodmneli POTOHOB PEHTreHOBCKOrO [uana3oHa 3Hepruil co CBOWCTBAMM SPKOI BCMbILLEYHOW
M71a3Mbl MOKAa3a10, YTO MOYTU /1 BCeX COOLITUI MOMEHTbI HACTYNeHUs NMKoBbIX (12-25) keV 1 MakcumanbHbIX
3HaueHuid (50-100) keV ¢hoTOHOB B counts/s OTHOCATCA K WHTepBaly BPEMEeHW OT Hayana pasBuTuS BCMbILLEK B
npegenax 22 MUHYT. Takoi >ke pe3ynbTaT OTMEYaeTca U AN CobbITUiA ¢ Hanbonee NHTEHCUBHBIMY MaKCUMasbHbIMM
notokamm B (ycm-2 s-1) ans (pOTOHOB BbICOKMX 3Heprmii >100 MeV. 3T0 nogTBepXAaeT MpPeAnonoXeHne o
Hanbosiee aPMEKTUBHOM YCKOPEHMUWN YacTuL, B MEPUOL, OAHOBPEMEHHOIO Pa3BUTMA MPAMOrO BCMbILLEYHOrO npoLecca
1 COMPOBOXJAMOLLEr0 BCMbIWKY KOPOHAbHOTO BbIGpPOCA MacChl, MPUBOLALLMM B WTOre K BO3HWKHOBEHMIO
MaKCUMa/bHbIX 3HaYeHW MOTOKOB BbICOKO3HEPTUYHLIX FaMMa-KBaHTOB. BcnbilleyHble cobbITMA C Hambonee
WHTEHCMBHBLIMW MakCUMaibHbIMW MOTOKamu B (ycm-2 s-I) ana (OTOHOB BbICOKMX 3Hepruin >100 MeV He
MOKa3blBalOT Haubosiee BbICOKMX 3HAYEHWI KOMM4uecTBa (POTOHOB B AMana3oHax PEHTTeHOBCKMX 3HEpPruii, uyto
yKa3bIBaeT Ha OTMUMA B APHEKTUBHOCTM MEXaHW3MOB 06pa3oBaHMs (HOTOHOB pasHbIX 3HepPruid. MpakTuyeckun onsa
BCEX COObITUIA C MOHVKEHHbIMM 3HAYEHUSMU KONMMYecTBa (DOTOHOB BbICOKMX 3Hepruid >100 MeV Habnogaetcs
MaKCUMa/bHOE YCWU/IEHMe TMOTOKOB rammMa W3/ly4yeHus B TMEepuof Mocne OKOHYaHWS pPas3BUTUS BCMbIWEK B
PEHTreHOBCKOM [uana3oHe. [03ToMy B 3TUX Clydasx OnpefenstoLlyto posib B YCUIEHUM MOTOKOB raMma U3nyyeHns
[0 MaKCMMaNbHbIX 3HAYeHWA UrpaloT, BeposiTHee BCEro, YAapHble BOMHbI, BO36YXaemble KOPOHabHbIMU
Bblbpocamu.

ConocTtasneHne npoguneli M3MeHeHWs CO BpEMEHEM KoniuyecTBa (HOTOHOB C 3Heprusmu (50-100) keV
MOKa3blBaeT MX XOpOLLee COBMafeHWe C OTHOCMTENIbHON WMHTEHCMBHOCTbIO (DOTOCHEPHONW BCMbILIEYHOW MasMbl
Al X1700A. 3T0 BblpaXkaeTcs He TOMbKO B NOA06UM B1AA NPOGUIERA, HO 1, 4TO OCOBEHHO BaXKHO, B OAHOBPEMEHHOM
HaCTYMJEHUN MaKCUMa/IbHbIX 3HauveHWid. COOTBETCTBYHOLLME Mpoduan (DOTOHOB C 3Hepruamm (12-25) keV
MOKa3sblBaloT 607ee NPOLOMKUTENbHBI MO BPEMEHW WHTEPBAN C MaKCUMabHbIMU 3HAYEHWSIMU, 4TO Haumbosee
XapaKTepHO AN U3MEHEHWIA UHTEHCUBHOCTY BCMbILLEYHON 3MUCCMN B KOPOHe. B 601bLUMHCTBE COBLITUI NUKOBbIE
3HaveHus ana (12-25) keV HacTynatOT HECKO/IbKO Mo3Xe MakcumymoB B npogmnax (50-100) keV. CornacHo
HabnofeHNaM, Haubonee BEPOATHbIM UCTOYHWKOM KOMIMYECTBEHHOTO YCWJIEHWS BCMbILWEYHbIX (OTOHOB C
aHepruamm (12-25) keV aBnaioTcs pesynbTaTbl TOPMO3HOTO M3/TyUeHUA APKOM BCMbILLEYHOR amMuccum B 06nactu
KOPOHbI, a 4n1s PoToHOB C 3Heprusmu (50-100) keV - B ob6nacTu hoToctepsl M TEMNEPATYPHOTO MAHUMYMA.

KntouyeBble CfioBa: COJHEYHble BCMbIWKKW, ApKasg 3MWUCCMA NJiasMbl, KOPOHaSbHbIE BbIGPOCHI  MACChl,
PEHTreHOBCKOE U raMmma-usnyyeHue.
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