ISSN 1991-346X Series physico-mathematical. 3. 2020

NEWS

OF THENATIONAL ACADEMY OF SCIENCES OF THE REPUBLIC OF KAZAKHSTAN
PHYSICO-MATHEMATICAL SERIES

ISSN 1991-346X https://doi.org/10.32014/2020.2518-1726.37
Volume 3, Number 331 (2020), 59 — 65

UDC 523.62
G.S. Minasyants', T.M. Minasyants', V.M. Tomozov>

Fesenkov Astrophysical Institute, Almaty, Kazakhstan;
’Institute of Solar-Terrestrial Physics, Irkutsk, Russia.
E-mail: gennadii_minasya@mail.ru, tamara@aphi.kz, tom@iszf.irk.ru

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 Ex = (12-25) keV, Ex= (50-100) keV and Ei > 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 (y.cm? s') 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 (y-cm. s™!) 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
of which 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
Ex = (12-25) keV, Ex = (50-100) keV and Ex > 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
Ex > 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 Ex = (12-25) keV, Ex = (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 F™%>100Mev
Class, Start counts/s counts/s yem?2 s
UT UT UT

1 07/03/2011 M3.7 19:43 1.2:10°20:03 1.0-10%20:02 2.3-10°20:26
2 07/06/2011 M2.5 06:16 6.9:10%06:26 1.3-10%06:25 5.5-10308:00
3 04/08/2011 M9.3 03:41 5.9:10°03:54 1.5-10*03:52 4.3-107 05:06
4 09/08/2011 X6.9 07:48 1.2:10°08:08 7.0-10°08:06 7.7-10408:03
5 06/09/2011 X2.1 22:12 8.7:10322:20 4.2:10522:19 5.7-10422:27
6 07/09/2011 X1.8 22:32 1.0-10° 22:38 1.7-10°22:37 1.6:10323:37
7 24/09/2011 X1.9 09:21 8.0-10°09:42 4.0-10509:35 1.6:10409:43
8 09/03/2012 M6.3 03:22 1.3-10°03:39 8.0-10%03:41 1.3:10303:50
9 03/06/2012 M3.3 17:48 1.7-10°17:55 2.5-10*17:53 3.8:10%17:54
10 23/10/2012 X1.8 03:13 8.3-10°03:16 2.5-10°03:15 2.3-10°04:17
11 27/11/2012 M1.6 15:52 1.1-10°15:57 9.0-10%15:55 2.5-1015:59
12 11/04/2013 M6.5 06:55 2.1-10°07:10 3.0-10307:10 1.7-10407:13
13 13/05/2013 X2.8 15:48 7.8-10°16:07 2.3-10°16:04 3.8:10°17:42
14 14/05/2013 X3.2 01:00 9.4-10°01:13 2.4-10°01:08 1.7-10501:42
15 11/10/2013 M4.9 07:01 4.1-10*07:17 2.2-10207:10 4.7-10407:19
16 25/10/2013 X1.7 07:53 2.7-10°08:07 2.6-10°08:07 2.5-10°08:17
17 28/10/2013 M4.4 14:57 1.6:10° 14:59 6.0-10%14:59 2.6:10°15:45
18 25/02/2014 X4.9 00:39 8.1-10°00:53 5.0-10° 00:46 1.5:10301:22
19 10/09/2017 X8.2 15:44 1.0-10°16:22 8.0-10°16:12 1.3-10216:00

The second column of the table shows the peak values of the 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 F™* y-cm?-s” 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 F™,-100mev>1.0-10* (y:cm™s™") and the second
group (black dots) - the rest, with smaller values.
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Figure 1 - Comparison of peak values (peak counts-s™') of photons (12-25) keV, maximum values (max counts - s-1) of photons
(50-100) keV and maximum values of gamma-fluxes (F™*y100mev y-cm2-s7') 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 (y.cm™. s) 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 Ex > 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 AI A1700 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 A193A 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 A193A 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 (A193A), and for photons (50-100) keV
due to bright emission of photospheric plasma (L1700A).

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 F™ .ipomev>1.0-10" (y-cm™?-s™) 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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KYHHIH TAMMA-COYJIEJIEHYIHIH JAMYbI KE3THJIE 9PTYPJII
SHEPI'UAJIBI ®OTOHAAP/BIH COYJIEJIEHY AFbIHBIHBIH
CUITATTAMAJUIAPBIH CAJIBICTBIPY

Annoranus. JXorapsl 3HEPTHSIIBI TaMMa-CoOyJeJCHYIHIH JXapKbUIBI KE3IHIETi OpTYpii SHEprHusibl (OTOH
aFBRIHIAPBIHBIH cumatTamanapsel KapacTeipbuiael. bis FERMI, SDO, GOES fapbrIITHIK amnmapaTTapblHBIH OaKpLIay
MomiMeTTepiH maiganasasik. 19 xapkeun ymria Ek = (12-25) keV, Ex = (50-100) keV xone Ei>100 MeV suaeprusiibt
(OTOH aFbIHOApBIHA CANBICTBIPYNIAP JKYPri3nmi. PeHTreH coymnenepiHiH JHEPTUSUIBIK aiMarblHBIH  (HOTOH
npoUIbICPIHIH CAaHIBIK JKOHE YaKBITIIA CHIIATTaMaJIapbIH )KapKbIH ajlay IUIa3MaChIHBIH KaCHETTEPIMEH CalIbICTBIPY
OapIiBIK OKUFaNap YIIiH MBIHHBH O0actamysl (12-25) keV xone Makcumanasr mouzaepi (50-100) keV, dporornapasy
counts/s JaMmy yakbIT apajbIFbIHBIH 22 MHHYTKe CO3bUIafbl. /1o OCBIHAAH HOTHIKE JKOFaphl SHEPTHsUIBl (HOTOHIAP
ymria >100 MeV MakcHManabl arblHIaphl 0ap okurazapaa Oarikamamsl (y cm ¢!). By Tikenel anay npomecinin 6ip
Me3ringe namysl Ke3iHAe OeNIIeKTepIiH YACYiH XOHE KapBUIBIC Ke3iHIe JKYPeTiH TOKIIK MacCaHBIH IIBIFYBIH
pacTaiiipl, HOTHKECIHE KOFaphl SJHEPTUsIIBI TaMMa-CayJIeIepiHiH MaKCUMaNIbl aFbIHIApbI maiina 6omaxel. XKorapbl
SHEPrusuIbl (poToHmap ymrid >100 MeV MakcuManasl aFsIHAAPH (Y cM2 ¢') Gap sKapKbUIIap OKHFAIaphl PEHTTEHIIK
SHEpPrus [UANa30HBIHAAFBl (DOTOH CaHBIHBIH €H JKOFapbl MOHJIEpIH KepceTHewmi, Oyl opTypii 3HEprusuIbl
(hOTOHIAPBIHBIH TY3UTy MEXaHU3MAEPIHIH THIMIUTITiHAETI alBIpMaIIbUIBIKTapapl KepceTeni. PeHTren aiMarbIiHIa
JKapK eTyJIepAiH JaMybl asKTalfaH yaKbITTaH KeiiH raMMa cayJieJeHy arbIHBIHBIH MaKHCMAILABI KYLIeiyi, KOFapbl
63
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sHeprusiibl GporoHmap yurid >100 MeV 6apiblKk TOMEHTI IIamaaarbl OKuragap yuriH OakpuiaHaasl. COHOBIKTAH 1a,
raMma CoyJieNnep aFbIHBIHBIH KAPKBIH/IbI JaMYBIHBIH KYIICHYIHIH MaKCUMAJIbl MOHI'€ JKETYl KYH TOXKIHIH HIBIFAThIH
aFbIHJIAPbI KO3IBIPAThIH COKKbI TOJIKBIHIAP OOJTYbl MYMKIH.

VakpIT oTe Keite (OTOHAAp CaHbIHBIH KECKiHiHiH o3repynepin (50-100) keV sHeprusmen caiblCThIpy Ke3iHIE,
ouerH Al A1700A cambicTeipMansl oTochepanarsl SKapKbUIAB IUIA3MAHBIH HHTCHCHBTITMIMEH JKaKChl COMKEC
KEJCTIHIIriH Kepceremi. byl Tek KeCKiHHIH TYPIHIH YKCACTBIFBIH FaHA €MEC, COHBIMEH Oipre MaKCHMalbl
MOHJEp/iH Oip yakbiTTa 6acTanysiH kepcerei. (12-25) k3B aneprusiibl poToHaapra colikec KECKiHIep MaKCUMAJIIbI
MOHJIEPMEH Y3aK YaKbIT apajbIFblH KOpCceTeli, Oyl KYH TOXKJAErl KapKbULAbI COYJIEJICHYIHIH WHTECHBTUIIMHIH
o3repyine ToH. Kemreren sxarmainapna, (12-25) k3B mibiHbl Keckinpepaeri makcumymHan (50-100) kaB-re
KaparaHaa Oipimiama keiripek Oosazabl. baxputaynapra coiikec, (12-25) keV sHeprusuibl (oTOHAAP KAPKHUIBIHBIH
CaHJBIK KYILeiy KO31, KYH TOKIHIH allMarbIH/Ia )KapbIKbIpay Ke3iHJeri Texerim coynenenyi cebern, an (50-100) keV
sHeprusuibl poToHaap yiuiH Gorocdepa alimMarsl )xoHE TeMIEpaTypa MUHUMYMbI OOJIBINT TaObLIAIbI.

TyiiiH ce3mep: KYH KapKbUIbl, )KapbIK SMHCCHUIBI TIa3Maliap, KYH TOKIHEH HIBIFAPbIIATBIH Maccaiap, peHTIeH
’KOHE raMMma CoyJieleHyJepi.
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CONOCTABJIEHUE XAPAKTEPUCTHUK IIOTOKOB U3JIYUYEHUA ®OTOHOB
PA3HBIX DHEPT U ITPU PA3BUTHUN COJTHEYHBIX TAMMA-BCIBIIIEK

AHHOTanus1. PacCMOTpeHbI XapaKTEpPUCTHKN TOTOKOB (DOTOHOB Pa3MYHBIX YHEPIHH NPU Pa3BUTHH BCIIBIIIEK C
BBICOKOPHEPIHMYHBIM TaMMa-u3JIydeHneM. lcronp3oBaich AaHHbIE HAOMIONCHWH Ha KOCMHYECKHX amaparax
FERMI, SDO, GOES. IlpoBeneHo comocTaBieHHe IOTOKOB (oToHOB ¢ 3Heprmamu Eix = (12-25) keV,
Ex = (50-100) keV u E>100 MeV misa 19 Bcubimednsix coObrtuii. CpaBHEHHE KOMTUYECTBEHHBIX W BPEMEHHBIX
XapaKTEepPUCTHK Tpoduieil (OTOHOB PEHTTCHOBCKOTO IHAlla30HA SHEPTHl CO CBOWCTBAMH SIPKOW BCIBIIICYHON
TUTa3MBI TTOKA3aJI0, YTO TIOYTH JJIS BCEX COOBITHH MOMEHTHI HACTYIUICHUS MUKOBBIX (12-25) keV m MakcHMalbHBIX
3nadgeHnit (50-100) keV ¢oToHOB B counts/s OTHOCATCS K MHTEpBAly BPEMEHH OT Hayalla Pa3BUTHUS BCIIBIIICK B
npenenax 22 MUHYT. Takoif e pe3yabTaT OTMEYAeTCs U U COOBITHH ¢ HanboJiee HHTEHCUBHBIMA MaKCUMAaITbHBIMHU
notokamu B (y-cm> s7') mas ¢oronoB BeicOkMX dHepruii >100 MeV. DTO IOATBEPKIAET NPEINONOKEHHE O
HanOoee 3((HEeKTUBHOM YCKOPEHHH YacCTHI] B IIEPHO OJHOBPEMEHHOTO Pa3BUTHS IPSIMOT0 BCIIBIIIIEYHOTO Mpolecca
U COIPOBOXKIAIOUIETO BCIBIIIKY KOPOHAJIBLHOTO BBIOpOCAa MAaccChl, NMPUBOASIIMM B HMTOTE K BO3HHKHOBEHHIO
MaKCHMaJIbHBIX 3HAYCHWIH ITIOTOKOB BBICOKOSHEPIWYHBIX TaMMa-KBAHTOB. BcIiblieunsle cOOBITHS ¢ Hambosee
MHTCHCHBHBIMH MaKCHMAIBHBIMA IIOTOKaMH B (y-cm™> s™') mua ¢oroHOB BBICOKHX sHepruii >100 MeV me
MIOKa3bIBAlOT HauOoJiee BBICOKMX 3HAYEHWH KoJM4YecTBa (POTOHOB B JHMAINla30HAX PEHTICHOBCKUX BSHEPTHH, UYTO
YKa3bIBaeT Ha OTINYMS B 3()(PEKTHBHOCTH MEXaHU3MOB 00pa3oBaHus (DOTOHOB paszHBIX 3HEpruid. IIpakTHyeckn s
BCeX COOBITHH C TOHIKCHHBIMH 3HAYCHHSIMH KOIMYECTBa (POTOHOB BBICOKHMX 3Hepruit >100 MeV wnabmromaercs
MaKCHMaJIbHOE YCHJICHHE IIOTOKOB TaMMa H3JIydeHHS B IIEPHOJ] IIOCIE€ OKOHYAHMS pPAa3BUTHS BCIBIEK B
PEHTI€HOBCKOM Juamna3oHe. [103ToMy B 3THX ciydasx ONpeAessIoNIyIo pojib B yCHICHHN IIOTOKOB TaMMa H3ITy4eHHS
JI0 MaKCHMAaJlbHbIX 3HAUCHWI WIpPAlOT, BEPOSATHEE BCETO, YAApHBIC BOJHBL, BO30YXIaeMble KOPOHAJIBHBIMU
BEIOpOCaMH.

Comnocrasnenne mpodmieli M3MEHEHUS CO BpeMeHeM KoimdecTBa (oToHOB ¢ »Heprusamu (50-100) keV
MOKa3bIBAET MX XOPOIIEE COBMAAECHHE C OTHOCHTEIBHOM HHTEHCHBHOCTHIO (DOTOC(HEpHON BCHBIMICYHOH IUIA3MBbl
AI A1700A. Dro BEIpa)KaeTCs He TOJBKO B MOJ00WH BUAA IPOQUIIEH, HO U, YTO OCOOCHHO BaKHO, B OTHOBPEMEHHOM
HACTYIUICHNH MaKCUMalbHBIX 3HaueHuid. CoorBercrBytomme npodman (oToHOB ¢ 3Heprusmu (12-25) keV
MIOKa3bIBAIOT OoJiee MPOJOJDKUTENBHBINA 10 BPEMEHHM WHTEPBAT C MaKCHMAJIBHBIMHM 3HAYCHUSIMH, YTO HawnOoiee
XapaKkTEepHO AJIsI U3MEHEHWH MHTEHCHBHOCTH BCTIBIIIEYHON 3MHCCHHU B KOpOHE. B OosbmmHCTBE COOBITHI TUKOBBIE
3HadeHus mus (12-25) keV HacTymaroT Heckonmpko mo3xke MakcumymoB B mpodmisx (50-100) keV. Cormacao
HaOMIONEHNSIM, HamOoJiee BEPOATHBIM HCTOYHHKOM KOJIMYECTBEHHOTO YCHIICHHS BCIBIIIEYHBIX (DOTOHOB C
sHeprusiMu (12-25) keV sABISrOTCS pe3ynbTaThl TOPMO3HOTO H3IYYCHHUS SIPKOM BCHBIIIEYHOH SMHCCHU B 00IAacTH
KOpPOHBHI, a 1115t poToHoB ¢ 3Heprusmu (50-100) keV — B obmactu poTtocdeps! U TeMuepaTypHOTO MUHIMYMA.

KiroueBble cj10Ba: COJHEYHBIC BCIBIIIKM, SIPKas SMHCCHS IUIA3Mbl, KOpPOHAJIbHBIE BBIOPOCHI MAacChl,
PEHTI€HOBCKOE M TaMMa-H3JIydeHHE.
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