News ofthe National Academy ofsciences ofthe Republic o fKazakhstan

NEWS

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

ISSN 1991-346X https://doi.org/10.32014/2020.2518-1726.38
Volume 3, Number 331 (2020), 66 - 72

UDC 523.62
G.S. Minasyantsl, T.M. Minasyantsl V.M. Tomozov2

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

FEATURES OF MAGNETIC STRUCTURE
OF SUNSPOTS GROUPS AT DEVELOPMENT
OF SUSTAINED FLUXES HIGH ENERGY GAMMA RAY

Abstract. The research of magnetic structure of sunspots groups which were sources of three highest values of
fluxes gamma ray with energy of photons >100 MeV for all the time of observations on Large Area Telescope
(LAT), on board the Spacecraft (SC) Fermi Gamma-ray is conducted. At the same time observed fluxes of gamma
ray had also the greatest duration of existence. For comparison, group of spots of similar magnetic class was
attracted, but in the absence in it of events that are sources of gamma ray. As a result of the analysis, a characteristic
feature of the structure of magnetic fields was revealed: it is that in these sunspots groups inside the region of one
polarity there is a very close location of the magnetic field of the opposite polarity. This occurs in the consequence of
the interpenetration of cores and umbrae, as concentrated magnetic field carriers, of one polarity inside the field of
another polarity. Observations show the existence of a rather long neutral line with very high magnetic field
gradients, which affect the growth of active processes in the sunspots regions and, most importantly, the growth of
proton acceleration efficiency on high-speed shock fronts and shock waves of CME.

Therefore, groups of magnetic class sunspots BD and BGD, having a structure of close interweaving of magnetic
fields of opposite polarities, exhibit extreme activity and are proposed to allocate them into special subclasses - BDe
and BGDe (extreme). In the absence of such a property in the magnetic field structure, there is no significant
enhancement of activity in the sunspots groups of BD and BGD classes.

Keywords: Structure of magnetic field of sunspots groups, high energetic gamma rays from flares, magnetic
subclasses with extreme activity.

Introduction. The most powerful active phenomena in the Sun are solar flares which usually are
accompanied by the coronal mass ejection (CME). On modern representations, the flare and CME are
considered as the uniform process connected with violations of balance of magnetic structure in active
region. Development of flare is connected with allocation of free magnetic energy in active region owing
to her dissipation in current sheets because of magnetic reconnection with the subsequent action of
stochastic acceleration at development of various plasma instability [1-3]. At development of active region
its magnetic structure with the filaments which are located on the line of the section of polarities of
magnetic field continuously becomes complicated. Over filaments the closed loops of magnetic field
which create in general the closed magnetic configuration of all active region up to coronal heights are
located. At continuous impact of shift movements on bases of magnetic loops along neutral line of
magnetic field filament (prominence) loses stability and begins to rise up in an expedited manner, opening
magnetic structure and forming “core” of ejection of CME [4].

Shock waves of CME are considered as the main source of the accelerated solar protons to energy>
500 MeV at their distribution, both in corona of the Sun, and in the interplanetary environment [5].
According to results [6], protons with the energy exceeding 300 MeV in interaction with substance of the
solar atmosphere are capable to generate the neutral and charged pi mesons (peonies) at which
disintegration is formed a gamma ray. In cases of acceleration of flare protons to energy Ek> 500 MeV,
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neutral peonies become sources of ray of gamma photons of high energy >100 MeV which is registered
devices FERMI LAT.

Thus, summarizing results of the researches conducted earlier, we come to a conclusion that very
important factor in development of the flare process leading to education high-energy gamma ray is the
structure of magnetic field of active region, as represents the purpose of further researches.

Properties of magnetic structure of sunspots groups for events with the most intensive and long
fluxes high-energy gamma ray

The national Center NOAA publishes the observation data of solar active regions received on various
observatories with the indication of magnetic classification of sunspots groups of: A - unipolar, B -
bipolar, BG - bipolar with irregularly located polarities, BD - the delta the structure in which at least one
spot includes umbrae of opposite polarity and the most complex - BGD includes in addition to previous
irregularly located cores of opposite polarities. (stp_space-weather_solar-data_solar-features_sunspot-
regions_usaf_mwl.html).

The numerous, earlier conducted researches showed that the active regions possessing the most
complex magnetic structure (classes BD and BGD) are sources of overwhelming number of the highest
powerful proton events with pfu>103 (the maximum value of flux of protons >10 MeV) [7].

In our research four events are used, three of which had the highest maximum values of flux gamma
ray 9.0104ycm-28 " FA% OMe\V< 2.410-3ycm -2*-1, (Fermi LAT Maximum Likelihood). At the same
time, duration of fluxes of gamma photons with energy Ek >100 MeV was the largest - from 7 to 20 hours
(figure 1). [https://hesperia.gsfc.nasa.gov/fermi/lat/qlook/LAT_qglook_plots.htm].

Figure 1- Events of the highest intensity and the biggest duration
of fluxes gamma photons >100 MeV during observations of the Sun on telescope Fermi

Especially for comparison the fourth event which occurred in the group of spots of a BGD class is
attracted, but in it there were no flux of gamma ray. The main characteristics ofthe considered flare events
are presented in table 1

Table 1
Data, Location yyyy/mmvdd, GOES X-Ray SEP CME Duration  4bonev
deg Class, Start Flux (pfu) Speedlkm S RAEOOMV Yem2s1
hours

2012/03/07, N17E15 X5.4, 00:02 6310 2684 20 2.4-10-3
2014/02/25, S12E82 X4.9, 00:39 103 2147 7 1.8+103
2017/09/10, SOBW83 X8.2, 15:35 1490 3163 12 9.0-104
2014/10/24, S12W22 X3.1, 21:.07 - 184 - -

Necessary to make a remark concerning rather low observed pfu value for powerful SEP - event on
February 25, 2014. It is connected about arrangement of flare on longitude - actually east edge of disk the
Sun. Therefore, in near-earth space of SC GOES were registered only an insignificant part of a flare flux
of protons (table 1, the 3rd column).
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Pictures with of SC Solar Dynamics Observatory are given below: a photosphere, color and black-and-
white magnetograms for four considered groups of spots (figure 2,3).

a) b)

Figure 2 - a) On March 7, 2012 00h AR 1429; S=1310 millionths of the solar hemisphere (msh); N17 E15; group of spots of the
class BGD; The area border with close located four layers of the alternating umbrae of opposite polarities is marked in red color
on a black-and-white magnetogram. b) On February 25, 2014 00h AR 1990; S=250 msh; S12 E82; group of spots of the class BD

Comparison of structure of a magnetic field of four active regions which groups of solar spots have the
complex magnetic configuration (classes BD and BGD) indicates presence in three cases of her additional
very important property (figure 2a, and figure 3a). It is that in these groups of spots in region of one
polarity the magnetic field of opposite polarity is observed. It results from interpenetration of umbrae of
spots and pores as concentrated carriers of a magnetic field of one polarity in the field of other polarity.
Only the close arrangement of two separate cores and large-scale magnetic fields of different polarities is
characteristic ofthe fourth event (figure 3b) that didn't lead to very noticeable strengthening of the activity
processes in AR2192. Quite compact AR2192 (class BGD) considerably exceeded other considered
groups on the area. During passing on a disk of the Sun in it there were 95 flares of X-ray Class C,
33 flares of Class M and 6 flares of Class X. But at the same time, not a single proton event and not a
single geomagnetic storm have been registered. Flares were accompanied by several Coronal Mass
Ejections with very small speed.
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Figure 3 - a) On September 9, 2017 00h UT; AR 2673; S=1000Imsh; S08 W74; group of spots of the class BGD; b) On October
25, 2014 00h UT; AR 2192; S=2500 msh; S12 W22; group of spots of the class BGD. The delta structure of group is defined by
presence of umbrae of opposite polarities at the western part of a penumbra of the main multicores spot

It should be noted one more characteristic property of sunspots groups with the mixed polarities - very
high gradients of a magnetic field on quite long part of the neutral line in the active regions.

Possibly, very high speeds of coronal mass ejections which accompanied development of flares were
affected by the complex structure of magnetic field in first three (table 1) the considered active regions.
The additional research showed that in the period of 2010-2017 on SC SOHO at development of 9 flare
events coronal mass ejections which linear speeds exceeded 2000 km/s were observed. And only for
6 CME them sources (the active regions) were on a visible disk of the Sun. Thus, three more were added
to three already considered events with high-speed CME. For them the following data are revealed:
On January 23, 2012, v cme =2175 km/s, M8.7, F"*“00MeV=2.3-10"5 yxm~x-1, On January 27, 2012,
Vv eme =2508 km/s, X1.7, F"% OMeV=3.0-10-5 yxm"c1 On May 13, 2013, vcme =2625 km/s, X3.2,
N mr%oMeV=3.5-10-5 yom-2-c-L Duration of fluxes gamma ray with energy of photons > 100 MeV
according to observations on Fermi LAT (Maximum Likelihood) is from 2 to 5 hours. And the most
important - sunspot groups had the complex magnetic structure with the mixed opposite polarities. That
is, the assumption of relations of the linear speed of coronal mass ejections at development of flares with
structure of a magnetic field ofthe active region is confirmed. To quantify the complexity of the magnetic
structure of the active region the parameter can be used - the length of the neutral line of the magnetic
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field, only those pieces where they pass between the cores and the umbrae of opposite polarities. So for
the considered four events, length of pieces of the neutral line with the specified properties is respectively:
On March 7, 2012 - 6.9 degrees., on February 25, 2014 - 3.2 degrees., on September 10, 2017 -
5.8 degrees, on October 25 2014 - 1.0 degree.

In areas of the active region with closely spaced umbrae of opposite polarities, the neutral line has
many bends and the magnetic field has very high gradients. The length of the neutral line in such a
complex magnetic field structure clearly characterizes its effect on the size of the eruptive filament, its
mass, and the speed of coronal mass ejection in the further development ofthe active processes.

As a result of the unique location of the umbrae of different polarities in the active region of March 7,
2012, an area was formed, where a number of four layers were located, representing a sequential
alternation of magnetic fields of opposite polarities (see Fig.2a). It is remarkable that the similar structure
remained during all development of fluxes high energy gamma ray (20 hours). At the same time, in the
gamma ray of solar flare March 7, 2012 on Fermi LAT the maximum values of energy of quanta of
4-4.5 GeV were registered [8].

Conclusion. Thus, the sunspots groups possessing most the complex structure of a magnetic field
(classes BD and BGD) show extreme activity in cases of mixed of umbrae of opposite polarities. In such
magnetic structures, there are extended neutral lines with very high magnetic field gradients. Therefore,
the active regions having such unique magnetic structure feature should be allocated in special subclasses
- BDe and BGDe (extremal). In the absence of such property in structure of a magnetic field, significant
strengthening of activity in sunspots groups of the classes BD and BGD isn't observed.
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1B.I". ®eceHKOB aTblHAarbl acTpodu3nkasbll, UHCTUTYThI, KP ¥FA (ADUD), AnmaTbl, KasakcTaH;
2H-xep usnka uHcTUTYThl PFA CB, (MC3d). VpkyTck, Peceii

XOIAPbl QHEPTNANBLW TAMMA-C3YNENEHY WL, ¥3AL, MEP31IMAL1 ArbIMAAPBLIH
OAMBITY QAT Bl JALL TONTAPBbIHbLW MATHUTTILK K;¥Pbl/1IbIMbIHbL, EPEKLUEALKTEP1

AHHOTaUMA. "Hpaen kenTtereH GeficeHAi K¥ObINbICTapAbIL WLIAe el KyaTTbl SHEPTrUASbl XapKblngap aHe
KyH Tax1meH 6aiinaHbiCTbl LWbirapynap 60nbin caHanagbl. Onap >orapbl XbingaMablKTbl 6e/LeKTep arbiHaapbiHbIL,
X3He apTYpP/i CNEKTP/K aiiMakTapfarbl, COHbIL, iWiHAe ramma aiMarbiHAarbl 3HepreTuKasblK cayneneHyaw, Ma3i
60nbIn Tabbinagpl.

Xapkbin npouecwwy Herisi Txenei 6enwektepaw, Yeyi 60nbin Tabbinagbl. Ce6e6” kenTereH 3epTreynep
MarHUTIK KypblabiMbl el KYPgeni aimaktap (BD >xaHe BGD Kknactapbl) >Xorapbl PeHTreH Caynenepi MeH Xorapsbl
3HEpPrusnbl MPOTOHAAPAbIL, MakcuMandbl arbiHAapbl 6ap ey KyaTTbl Xapkbligpll, 6acbiM kesi  6onbin
TabblnaTbiHAbIrbIH KepceTri. LAT FERMI ramma Teneckonsl apkbiibl 6YKin yakbiT 60/ibl 6akbinaHraH >100 MaB
KBaHTTbIK 3HEPruAnbl el xorapbl YU raMMa-cayneneHy arbiHbiHbIL M3i 6onraH KYHHIL, 6enceHsi aimakTapbiHbIL,
MarHMTNK KypbinbiMaapbl 3epTrengi. CoHbiMeH KaTap, 6akblnaHraH ramma-caynentu arbiHgapbl emip CYPY yakbiTbl
y3aK 6ongpl. CanbicTblpy YIUiH yKCac MarHWrTiK KnacTbil, 6enceHfi avimarbl Taudanbin, 6ipak oHAa ramma-
cayneneHygiy, naiga 60nybiHa 3KeneTiH epekweniktep 60nmaabl.OpbiHgaNraH Tangay HAITWXKECIHEH 6enceHgi
3HepreTUKanblK okuranapbl 6ap 6enceHfi alimakTapra T3H MarHUT epr0 KypblibIMbIHbIL, KAaCMETI - Kapama-Kapchbl
NonAp/bl XaKblH OpHanackaH AAponap >kaHe fakTap KeneukeciH GeneTiH XKeTKINIKTI y3blH OeiiTapan CbI3bIKTbiIL
60nybl aHbikTanAbl. Byn 6acka nonap/blK epicTiy iwiHgeri 6ip Nonapabl MarHWT eproLLY LUOTbIP/aHybIHbIL,
TacbiMangaylublfapbl pernHae SAponap MeH Keneukenepgil esapa aceprecyi HaTvkeciHAe nainga 6onagel. byn
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Xarfanapga >ypnswreH 6akbinaynap 6eiTapan CbI3bIKTapAblH KeAeHEH MarHUT epiciHiH rpagueHTiHIH eTe
Xorapbl MaHAepi 6ap, fakTap KeneHKecwwaen TiK epic rpagueHTiHiH MaHAepiHeH 5 ece Xorapbl 6emkTepLuly 6ap
eKeHAWH kepceTedi. MyMWH, 6yn MarHUT eproLlLL, ocbiHAah KYPAeni KypbiibiMbl S3HEPTUAHbIH Tapanybl KesiHge
60C MarHUTTIK 3HEeprusHbl TMiMAi Wbirapyra MYMKIHAIK Gepeni (kaiTa Kocy mpoueit) >xaHe 6yn eTe MaHbi3gbl,
XOrapbl XbINLAMAbIKTbl COKKbl (DPOHTTapbl MeH KyH TKL LibirapblibiMAapabiH COKKbI TOMKbIHAAPbIHAA NPOTOHAbI
YLeTyfiH TUIMAINITIHIH ef3yip apTyblHa 3Kenyi MyMLLUH.

BenceHgi aimakTa 3pTYp/i NONAPALIKTApAbIH KeeHKeNepiHiH Gipereli opHanacybl HaTMXeaHge 2012 XbIArbl
7 HaypbI3aa Kapama-Kapcbl NOAApAbIKTapbl 6ap MarHUT epicTepiHiH N36eKTen aybicyblH 6ingipeTiH TepT KabaT Gip-
GipiHIH KacblHa OpHanackaH aimak nmaiga 6ongel. Bip epekweniri, ykcac KypblibiM XapKbligarbl raMma-caynenik
arbiHgapabiH 6yon gamybl KesiHge caktangbl (20 carar). CoHbIMEH 6ipre, >XapKblil MPOLIECIHIH XOrapbl 3HEPrUAbI
ramma-caynecwiae, Fermi LAT-fa MakcUMasbl KBaHTTbIK aHeprus 4 ~ 4,5 B Tipkengi.

CoHbIKTaH, Kapama-Kkapcbl Nonapnap/ibl MarHAT eproTepLULL, ThirbI3 OpHaNacybl KypblibiMbl 6ap BD xaHe BGD
MarHUTMK KiacTap fakTapbl eTe 6enceHAi XK3He onapAabl apHawibl iWwKi Knactapra 6enyi ycbiHbinagbl - BD xaHe
BGD (extreme). MarHuT epioLULL, KypblibIMbIHAA MyHAal KacveT 6onmaraH >xargaiga, BD aHe BGD knactap
TONTapbIiHAA 6e/ICEeHAINIKTIH aiTapnbIKTali ecyi balikanmaiigbl.

TYViiH cesnep: [aktap TONTapblHbIH MarHUTTIK ePIiCiHiH KypbUbiMbl, XapKblAapaaH >Korapbl SHeprusbl
raMma-caysne Lwbirapy, aKcTpeMangbl 6enceHawwn 6ap MarHUTTIK Knace TapMakTapbl.

.C. MuHacaHul T.M. MuHacaHul, B.M. Tomo3os2

AcTpodmanyeckuii MHCTUTYT um. B.I".®eceHkoBa HAH PK (A® WD), Anmartsl, KasaxcTah;
2VIHCTUTYT conHeYHo-3eMHoi thusnkm CO PAH, (UC3®), NpkyTck, Poccus

OCOBEHHOCTU MATHUTHOW CTPYKTYPbI FPYMNM MNATEH MNP PA3BUTUN
ONMNTENBHBIX MOTOKOB BICOKO3HEPITMYHOIO TAMMA-UN3NTYYEHNA

AHHOTauua. Cpegn MHOTOYMC/EHHBIX aKTUBHbIX fBfeHUii Ha ConHue cobbiTusMM € Haubonee MOLLHOW
3HEPreTUKON CUMTAIOTCA BCMbILIKM U CBA3AHHbIE C HUMW KOPOHA/bHbIE BbIOPOCHl. OHU ABASIOTCA UCTOYHUKAMM Kak
BbICOKOCKOPOCTHbIX MOTOKOB YacTUL, TaK ¥ 3HEPTUYHOIO M3yUeHWs B Pa3NyHbIX 061acTAX CreKTpa, B TOM yucne
W B raMma - AuarnasoHe.

OCHOBOIi  BCMbILLEYHOrO MpoLecca SABASETCA MpsMOe YCKOpeHWe YacTuy. MHOroumcrieHHble, paHee
MpOBefieHHble MCCMe0BaHNs MOKasaiv, YTO aKTVBHble 06nacTw, obnafatowye Havbosnee CNOXHOW MarHUTHOM
CTPYKTypoOil (Knaccel BD 1 BGD), ABAAOTCA MCTOUYHMKAMM MOAABASAIOLLEr0 YMCia CaMblX MOLLHbIX BCMbILIEK C
BbICOKMMW PEHTIEHOBCKUMW GasinaMmn U MaKCUMa/IbHbIMK 3HAYEHUAMU NMOTOKOB BbICOKO3HEPIMYHBIX MPOTOHOB. B
MpesCcTaB/eHHON paboTe W3yyeHbl COObITUSA, MarHWTHble CTPYKTYpbl aKTWBHbIX 061acTeii KOTOpbIX 6bln
MCTOYHMKaMU TPEX CaMbIX BbICOKMX MaKCUMabHbIX MOTOKOB raMMa-n3/ly4eHus ¢ aHeprusamm KsaHTos >100 MeV 3a
BCE BpeMmsi HabnogeHuii Ha ramma-Tteneckone LAT FERMI. lMNpu sTom Habnogaemble NOTOKM FraMmma-m3yyeHus
VIMENN TaKkkKe HanbosbLLYIO NMPOJO/MKUTENbHOCTb BPEMEHM CYLLECTBOBAHUA. [1a conocTasneHns 6bina npueneyeHa
aKTMBHasi 06/1acTb NOAOOHOr0 MarHWTHOrO Kfacca, HO C OTCYTCTBMEM B Heil OCOGEHHOCTEl, NPUBOAALIMX K
MOSB/IEHNIO ramMMma-u3flydyeHus. B pesynibTaTe BbIMO/HEHHONO aHanv3a BbifB/leHA XapakTepHas OCOBGEHHOCTb
CTPYKTYPbl MarHUTHbIX MOMei: OHa 3aKlo4yaeTcs B TOM, YTO B 3TUX rpynnax MATeH BHYTPU 061acTu OAHOW
NoNAPHOCTY HabnofaeTcs 0YeHb 6IM3KOE PacmoNOXeHWe MarHUTHOrO MOAs MPOTUBOMO/IOXHOW MOASPHOCTU. 3TO
MPOMCXOANT B pe3y/bTaTe B3aMMONPOHWKHOBEHMSA Aep U TeHe KakK KOHLEHTPUPOBaHHbLIX HOCWUTE/E MarHUTHOrO
nons OfLHOW MONAPHOCTM BHYTPb MONA APYroi nonspHocTW. HabnogeHws B 3TUX ClyyasX MOKasbiBaioT
CyLLECTBOBaHMe J0BO/bHO MPOTAXKEHHbIX YHaCTKOB HEWTPa/IbHON IMHWM C 04YeHb BbICOKUMU 3HAUYEHMAMM rpajyeHTa
rOPW30HTaIbHOrO MarHUTHOrO Nons, 601ee YeM B 5 pa3 NPeBbILLAOLLMMY 3HAYEHWS BEPTUKaIbHOTO rpajmeHTa nosns
B TEHU NATEH. BeposATHee BCEro, Takas Cr0XHasA CTPYKTypa MarHUTHOIO Mojis NO3BONSET 3PEKTUBHO 0CBOOOXKAATb
CBOOOAHYIO MarHWTHYH 3HEPrU0 B X0fe AUCCUNaLyM 3HEPTUK B TOKOBbIX CNOsAX (MPOLECC NepecoesyHeHns) 1, 4to
0COBEHHO BA&XHO, MOXET MPMBOAUTL K CYLLECTBEHHOMY POCTY 3((PEKTUBHOCTU YCKOPEHUS MPOTOHOB Ha
BbICOKOCKOPOCTHbIX YAapHbIX (DPOHTAX U YAAPHBIX BOIHAX KOPOHASbHbIX BbIGPOCOB.

B pesynbTaTe YHWKa/IbHOTO PacrnofoXeHWs TeHei pasHbIX MOMSPHOCTEN B akTMBHOM 06nactn 7 mapta 2012 T.
o6pasoBanacb 06/1aCTb, rae pALOM PacnonarakTcs YeTbipe Cos, NPeACTaBNAOLWMe NOCNeA0BaTeNIbHOE YepeoBaHe
MarHWTHbIX NOAEA ¢ NPOTUBOMNONOXKHLIMM NONAPHOCTAMU. [MpuMeyartenbHo, 4To NOA06HAA CTPYKTYpa COXpaHaiach
B TEYeHWe BCero pasBuTUS MOTOKOB raMma W3flydeHus BO BCMbilKe (20 yacos). Ipw 3TOM, B BbICOKOSHEPTMYHOM
ramma-u3ny4yeHnn BCMbILIEYHOrO npouecca Ha Fermi LAT 6binn 3aperncTpmpoBaHbl MakCUMaslbHble 3HAYEHWs!
3Hepruii KBaHToB ~ 4-4.5 GeV.

MoaTomy rpynmbl NSTEH MarHUTHOrO knacca BD n BGD, o6nagatowime CTPYKTYPOI TECHOW NepenieTEHHOCTY
MarHWTHbIX MO/el MPOTUBOMONOXHBIX NOMAPHOCTEN, NPOSBAAIOT IKCTPEMASIbHYHO aKTUBHOCTb M UX MpeAnaraeTcs
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BblAennTb B 0cobble mogknaccbl - BDe n BGDe (extreme). IMpu OTCYTCTBMM Takoro CBOWCTBA B CTPYKType
MarH1THOro rons He HabNOAETCA CYLLECTBEHHOMO YCUNEHNS aKTUBHOCTM B rpynnax naTeH knaccos BD n BGD.

KntoueBble cnoBa: CTPYKTypa MarHWTHOrO MOAs TPYNMn MATEH, BbICOKO3HEPTMYHOE ramma U3fyyeHue
BCMbILLEK, MarHUTHbIE MOAK/MACCHI C IKCTPEMa/IbHOW aKTUBHOCTbIO.
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