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APYTTTUBHBLIE BCTIbILUKM KAK MCTOYHMK
CONHEYHBIX KOCMUYECKMX NYYEN

Anexkcen CTPYMUHCKUU
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TTpobnema npoucxoxpeHua CKJ1 satparueaet
(PYHAAMEHTAaNbHbIE BONPOCHI COSTHEYHOU (PUUKU:

B3aMMOCBS3b BCMbILIEK N KOPOHAJIbHbIX
BbibpocoB maccbl (KBM);

CYLLECTBOBaHME ABYX K/J1ACCOB BCMbIWEK —
orpaHu4YeHHbIX no BbicoTe (confined) n He
OrPaHMYEHHbIX NO BblCOTE (3PYNTUBHbIX);

YCKOPEHUE 31EKTPOHOB M MPOTOHOB B ABYX
da3ax BCrblLLEK - UMMYNbCHON U
NOCTeNneHHOWU;

reHepaumnto 4NNTENbHOIO COIHEeYHOro raMma
>100 M3B nsny4yeHua.



Knaccupukauus scnbIwek

Svestka (1986), pa3suBag uaewu Pallavicini et al. (1977), npeanoxun
pagenaTb BCMLIWKM Ha ABe rpynnbl - 1) orpaHuyeHHbIe (confined ) n 2)
3pynTueHbIe (eruptive) .

TToa TepmuHom «eruptive flare» Svestka (1986) noapasymesan sce
cobbITUA, NpUBOAALLME K OTKPLITUFO CUNOBBLIX JIMHUU HE3aBUCUMO OT
HANUYUSA UNU OTCYTCTBUSA I(PPEKTOB B Xpomocpepe, a "confined” - Bce
ocTasnbHbIe, «confined»-»eruptive» pasnuyaroTcs BeUUYUHOU
MArHUTHOIO NOMS BOBJIeYeHHOr o B npoLecc.

Ha anarpamme (Cliver et al. 2019) scnbiwku: 1) apyntusHeie 6e3
XPOMOCEEpPHLIX 3PPEKTOB; 2) 3pyNTUBHBIE C XPOMOCPEpPHLIMU
3pPeKTamu U 3) orpaHudeHHsIe (Struminsky et al, 2020;
Grigorieva&Struminsky, 2021).

KonuyecTBeHHBIMU XApAKTEPUCTUKAMU XPOMOCPEPHLIX IPPEKTOB
agnarotca dT/dt v dEM/dt nnasmer SXR (CtpymuHckuii u ap., 2021;
"puropbesa u CTpymuHckun, 2022)

JSXR=f(T)*EM, EM~n"2V



KopoHanbHbIe BbI6pOCHI MACCHI

3TO 3pynuUUU KOPOHANBHOMO BeLeCTBA BbIle B KOPOHY UMW MexXnsiaHeTHoe
NPOCTPAHCTBO

Hamnbonee n3secTtHbIN kopoHorpap LASCO, paboTaeT NpakTUYecku HenpepbIBHO C
1997 ropa, obHoBnarowascs 6a3a AGHHBIX

TTo HabnropeHuam LASCO MOXHO AenaTb OLLeHKU CKOpoCTU, yckopeHus KBM,
NUCCNenoBaTh CBA3b BCMbIwek U KBM

[enaeT CHUMKM KOpOHbI Kaxable 12 muH B none 3peHus 1.5-30Rs, HUxe Aga
nocneposarenbHbIx kaapa 06.07.2012 23:24 UT, 23:36 UT




YckopeHue KBM B 3pynTUBHBIX BCMbIWKAX

2,50

1829 km/s

2,25

2,00 -

1,75 -

Solar radii

1,50 -

1,25 -

3278 km/s

410 MHz
610 MHz

1415 MHz

5.3 km/s2
245 MHz -

1’00'|'|'|'|'|'|'|'|'|"|
-12-10 8 6 4 -2 0 2 4 6 8

min since 23:03 UT, 06/07/2012

10 12 14

1000

900

800

700

600

500

400

300

200

100

Mm above the photosphere

TTnasmeHHoe
3epkano

v[Hz] = 9000 /n[cm3]

YueT auHamukum KBM B TeueHue nepebix 30-40 muH nocne
BcnbIWkM ( LASCO C2) nossongeTt yTOUHUTb OLIeHKU a U T;
MCCNenoBaTb B3GUMO3ABUCUMOCTL BCnbIwek u KBM



DpYyNTUBHbBIE BCMLIWKU C CUSTbHBIMU
XPOMOCMEpPHLIMU 3PPEKTaM U MOLWHBIMMK CTTC
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SpynTUBHbIE BCMBIWKU CO CNAOBIMU XPOMOCHEPHLIMU
IPPEKTAMU U MOoLWHBIMU CTTC
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Brisoabr 1

ConHeuYHas BCMbIWKA SBMSETCS ANUTESNTbHBIM NPOLIECCOM PACXOAA MATHUTHOM 3Hepruum,
3anaceHHON B aKTUBHOW 06nacTu Ha BbicoTax Ao ~0.5 paauycos ConHua.

TTpu sb1cOTax meHee ~0.1 paauyca CONHLA CUMLI MATHUTHOFO NONA XBATaeT AN
yAepxaHus Harpesammemcq NNA3MbI, U npowcxop.sn BCMLILWKM, OFPaHUYEHHEIe MO
BbICOTE, C APKO BprCDKeHHbIMM XPOMOCCPEPHLIMU 3(PPEKTAMU B UMY JIbCHOM (pase.

DpYNTUBHLIE BCMBILIKU Xe peanm3ymch npu BbIcoTax 6onee ~0.1 paauyca ConHua,
Koraa cunbl MGI‘HMTHOFO nosis HeAOCTATOYHO .u.m YAepXaHus nnasmer. TTpoucxoamut
apynuus, B npe.u.eanOM cnyqae csepxssyxosom KBM (MC(I‘HVITHC(SI AeToHauwuA).

3pyrlTMBHbIe BCl-lbIIJJKM MOFYT KGK COFlpOBO)KLI.GTbcsl 3CPCpeKTC(MV| B XpOMOCpepe, TaK U
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Multiple Sources of Solar High-energy Protons

12, Nicola Omodei’ Alexander Mishev'~, Melissa Pesce-Rollins” (' , Francesco Longos’(’ , Sijie Yu’

Dale E. Gary , Rami Vammg , and Ilya Usoskin 2o

Leon Kocharov

»

Figure 5 shows a scatter plot of the >100 MeV ~-ray fluence
f delayed events versus the combined flare—CME parameter

T 10,00 c 7 Q= (V — Vo) (W — W), )
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_ 'here W is the soft X-ray flare magnitude, V is the LASCO
= 'ME speed, and V, and W, are empirical threshold values,
hich are V, =500 kms™' and W,=2 x 107> Wm™". We
nd a good correlation between the flare—CME parameter Q
nd the ~-ray fluence of delayed events, with the correlation
oefficient r (Q, F) = D.TTJ_FS_'%. It is higher than the correlation
oefficient between the ~-ray fluence and the CME speed.
(V,F)=0. 60+0 0.15. or the correlation coefficient between the
uence and the soft X-ray flare  magnitude,
0001 L e (W, F) = 061701l This supports the idea that the delayed
1.0 10.0 1000 igh-energy v-ray emission is the result of flare—CME synergy.

1
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Figure 5. Scatter plot of the =100 MeV ~-ray fluence of the delayed-type -ray Compimf(_i to most solar particle events, GLEs and prolonged

flares vs. the product of associated CME velocity and square root of the X-ray ~ .
flare magnitude. Adopted threshold values are: rhe Solar and Heliospheric 100 MeV -y events ame | extreme, [in| (erms of the (sub)

Observatory /LASCO CME qued V, =500 km s~" and the GOES flare class llaﬂViSt_ic proton number, and associated V:?i[l‘l major but not
M2.0 (W, =2 x 107> W m™). The red diamond specifies the 2017 September  1tstanding flares and CMEs, so a scenario of such events
10 eruption. ould include a synergy of flares and CMEs. There were



[lBe opasbI yckopeHusa yactul
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History of research on solar energetic
particle (SEP) events:
the evolving paradigm
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L
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Edward W. Cliver!

Flare Time (minutes)
Start

Figure 3. A fully-developed radio burst with the first (impulsive) and second (shock-associated)
phases separated by the red vertical line. In the vast majority of flares, only the first phase cecurs
(after Wild, Smerd, and Weiss, 1963).

Wild J.P., Smerd S.F., Weiss A.A. Ann. Rev. Astron. Astrophys.
1963. V. 1.P. 291.
CKJ1 v Tpu TUNa conHeuHbIx paguoscnneckos (IIT, IT, IV)
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* CONHeuYHbIe NPOTOHBI U 3NEeKTPOHLI, U3mepeHua Ha IMP-
4 (Ramaty et al., 1978) - aBa mexaHU3ma yckopeHus.



MakcumanbHas aHeprug, cToxacTuyeckoe yckopeHue

The rate of energy loss of an electron with kinetic energy E, in magnetic field H
is under the approximation of a circular trajectory (Takakura and Kai, 1966)

de 12+ ¢
dr - H\2" TEp ()

where &= E,/mc* and vy=3.85x10"2H?sec™!. On the other hand, the gain in
energy due to the acceleration process can be written as

ds _ & (2)

where 7, is the characteristic acceleration time. Clearly the acceleration process only
can give rise to particles with energy > g if their supply exceeds the losses, i.e. if

1, <2vg' e+ 1)1, (3)

Values of the high-energy cutoff

H D= 1 min 2 min 3 min 5 min
S0 G 87 MeV 40 MeV 25 MeV 14 MeV

1000 G 18 MeV B MeV 4.7 MeV 2.2 MeV

Thus, one can expect a cutoff-like behaviour of the spectrum at energies of the
order of 1 or 10 MeV, depending on the speed of the acceleration process, and
electrons of higher energies could significantly participate in the bremsstrahlung only
if the acceleration time from 4 keV to > 10 MeV were shorter than 1 min. The rise

Svestka ( 1970), ycTHbIM aoknaa MupowHuyeHko, BKKJ12022



Bpema yckopeHus

THE ASTROPHYSICAL JOUR™NAL, MY L 95198, 1986 January 15
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RAPID ACCELERATION OF ENERGETIC PARTICLES IN THE 1982 FEBRUARY 8 SOLAR FLARE
S. R, Kawng!

Space Sciences Laboratory, University of California, Berkeley
E. L. CHUPF anD D). J. FoRmEsT
University of New Hampshire, Depariment of Physics
(r. H. SHARE
E. 0. Hulbust Center [or Space Research, Naval Rescarch Laoboratory
AN
E. RIEGER

Max-Planck-Institut fir Physik und Astrophyaik, Institut fir extraterrestriche Physik
Recetved 1985 Sudy 12 acoepred T985 Chetober 18

ABSTRACT

Hard X-ray and gamma-ray measurements of the 1982 February 8 (~ 1250 UT) solar flare made with
spectrometers aboard the JSEE 3 and SMM spacecrall show that bursts of photons from - 40 keV to ~ 40
MeV are coincident to within +1 5. This indicates that the acceleration of particles to relativistic velocities can
occur promptly (within ~ 1 s). As far as the energetic particles interacting at the Sun arc concerned, the
*two-phase” process, which requires several minutes for particle scceleration to relativistic velocites, cannol
account for the present gamma-ray observations. Even the ¥ two-step” acceleration process, which 15 assumed to
occur in a small magnetic loop, is severely constrained by the present observations.

Subject headings: particle acceleration — Sun: flares
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Oea mexaHu3ma yckopeHusa(Shih et al., 2009)
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TTepBbIM MexXaHU3M NMpoOU3BOAUT MPONOPLUOHASIbHbIE
KONMYeCTBa penaTUBUCTCKUX 3M1eKTPOHOB U UOHOB.
Bropou mexaHu3m npou3soauT B OCHOBHOM
cybpensaTUBUCTCKUE 3NEKTPOHBIL.

Ponb penaTUBUCTCKUX 3¢PPEKTOB?
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First Fermi-LAT Solar Flare Catalog

THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 252:13 (31pp). 2021 February Ajello et al.

Abstract

We present the first Fermi-Large Area Telescope (LAT) solar flare catalog covering the 24th solar cycle. This
catalog contains 45 Fermi-LAT solar flares (FLSFs) with emission in the ~-ray energy band (30 MeV-10 GeV)
detected with a significance of =5 over the years 2010-2018. A subsample containing 37 of these flares exhibits
delayed emission beyond the prompt-impulsive hard X-ray phase, with 21 flares showing delayed emission lasting
more than two hours. No prompt-impulsive emission is detected in four of these flares. We also present in this
catalog observations of GeV emission from three flares originating from active regions located behind the limb of
the visible solar disk. We report the lightcurves, spectra, best proton index. and localization (when possible) for all
FLSFs. The +-ray spectra are consistent with the decay of pions produced by >300MeV protons. This work
contains the largest sample of high-energy ~-ray flares ever reported and provides a unique opportunity to perform
population studies on the different phases of the flare and thus allowing a new window in solar physics to be
opened.

Unified Astronomy Thesaurus concepts: Solar flares (1496); Solar gamma-ray emission (1497); Gamma-ray
sources (633); Gamma-ray telescopes (634); Catalogs (205)

2. All of the FLSFs with LLE prompt emission (produced
by >300 MeV ions) reach their peak within seconds of

- ' o ean iy mnaes smiee e s i
IREILONER WY e Y[ Sk Pk [l PYEIER] These mnu]anuas between gmdua] SEPs and }ﬁl} Me\"

e]ecl:m.ns} ] R e M AR R gradual-delayed emission, plus the observed drifting of the
Ihese — and electmns_ are a-:x?e]emted, u'anspﬂged, centroid of ~-ray emission from the original active region,
at1n:l1m[eract w“.h T— med:u:rn Atthe’same time. which is accentuated by the observations of BTL flares,
Similar -::an-::lysmns for the acceleration of lower-energy indicate that the site and mechanism of the acceleration of ions
(1-30MeV) ions were reached by Chupp {,] 98?,} and responsible for the long-duration + rays is different from that of
Hiprford € al. (2006) hased on he RH;ESSI 1maging ?f particles producing the impulsive nonthermal flare radiation
the 2.223 MeV neutron-capture ~y-ray line, and by Shih and suggest that long-duration ~ rays are another radiative

et al. (2009) who reported a tight correlation between the signature of acceleration in CME shocks. However, unlike the
2.223MeV line fluence and the >300keV electron ™ aoar e a .. a

bremsstrahlung fluence.



Brisoabl 2

Tam, rae NnpoucxoauT UmeHeHUe MarHUTHOrO MOTOKA, BOSHUKAET 3reKTpudecKkoe
none, ycKoparolee 3apskeHHbIe YacTULbL. B ycnosmax BcnbIWwek HaNpaXeHHOCTb
Takoro nons 6onblue, Yem B none [pavicepa, BOZHUKAFOT yberarolme 3neKTpOoHbI.

Be3 yyeTa noTepb Ha U3nNyyYeHUe MAKCUMAIIbHAS 3HEprua 3MeKTPOHOB
OrpaHUYUBAETCA ANUTENBHOCTbHO YCKOPeHUs, Hanuumem HeobXoauMOM ASIUHBI
yCKOpeHus.

TTpu yyeTe noTepb Ha U3NyYeHUe MaKCUManbHaa sHeprusa anektpoHos ~10 MaB
OorpaHU4MBaeTCca notepamu (Temnom Habopa aHeprum).

TTo BCceM BUAUMOCTU, NPOTOHAM ANS AOCTUXEHUS NOpora reHepalum ramma-imHUm
(>10 M3B) 6ynet He06xX0AUMO yXe HeCKOSIbKO MUHYT. Takoe Bpems MoxeT 6bITb
AOCTUMHYTO B pe3ysibTaTte AeUCTBUS MHOXECTBA 351eMeHTAapHLIX aKTOB, TO eCTb
BCNeACTBUE CTOXACTUYECKOrO YCKOpeHUs.

B nepeovi (MMnNynbCHOM) dpase yCKOpeHUs BUAHO U3NyYeHUe TONbKO HeTemnoBbIX
351eKTPOHOB, a BO BTOpoU (nocTeneHHOW) - HabnroaaroTca cauaeTenbCTBa
YCKOpeHWs NpOTOHOB.



BbIBOP MEXAHNU3MA YCKOPEHWS

Tabnmuna 1. MexaHu3Mbl yCKOpeHMs, paccmaTpuBaeMble B 0030pe (Miller et al. 1997) u
BO3MOKHOCTh YCKOPEHHS B HHUX AJICKTPOHOB M IIPOTOHOB.

Observations Sub-Dreicer E Super-Dreicer E MHD Shocks
Turbulence

~100 keV yes yes yes Yes
electrons

~10 MeV no ? yes ?
electrons

~100 MeV no ? yes Yes
protons




Briroabr 3

* Tak kak anga yckopeHus KBM o ceepx3sykosou
CKOpPOCTU HeobX0AUMO BpemMs, CONOCTABUMOE
CO BpemeHeM yCkopeHus npoTtoHos ao ~100
M3B, To cyuwecTByeT Aunemma, yckoparoTcs nu
NPOTOHLI HENOCPEeACTBEHHO BO BCMLIWKAX, UNU
Ha yaapHom ppoHTe KBM.

* Ha ceroaHa HeBO3MOXHO OTOXAECTBUTD
3nekTpoHbI ~10 M3B Ha ConHue, eaUHCTBEHHas
BO3MOXHOCTb - U3MepeHUs B MexnsiaHeTHOM
NpOCTpPAHCTBeE.
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ConHeuHble MPOTOHLI U 3NEKTPOHbLI
B 3PYNTUBHLIX BCMLIWKAX
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3aKknrouUTenbHbIN BbIROA

COBMECTHbIW aHANU3 AAHHBIX MO BO3PACTAHUSM
WHTEHCUBHOCTU COSTHEYHbIX 3/1eKTPOHOB U NPOTOHOB
nocne 3pynTUBHLIX BCMbIWEK, KAK C CUMbHBIM, TAK U
CNAbbIM 3NeKTPOMArHUTHBIM U3STyYeHUem, No3songer
yTBEpXAaTh:

SneKkTpoHsbI >1 M3B u npotoHsr >100 M3aB yckopsaroTtcs
CTOXACTUYECKU Ha poHe yckopeHus KBM

MarHuTHaa getoHauus - a synergy of flares and CME

YaepxaHue NnpoToHOB 3a ppoHTOM KBM npusoauT K
ANUTENbHOMY FaMMA-U3NyYeHUHo.



[Be cocTasnarowmx 3pynTUBHBIX
BCMbIWeEK — 3aMKHyTbIe netnu u KBM

Cnacubo 3a
BHUMAaHuel



CKJ1 - onpeaeneHus

TTpOTOHbI A ’
30 MaB - 20 IM3B Phad 0
V/c 0.25 - 0.99 e

DNEeKTPOHbI
30 k3B - 10 MaB

V/c 0.32 -0.99

MuHumanbHas AnNWHa pacnpoctpaHeHus 1.2 a.e.
Bpemsa 3aaepxku oTHocutenbHo IMU
TTpOTOHBI 38 MUH - <2 MUH



BcnbIwky n conHeyHble NpoToHHbIe cobbiTua (CTIC)

* Ouarpamm (Cliver et al. 2019)
UNNFOCTPUpPYET COOTHOLWEeHUe
mexay napametpamu CTTC u :
POAUTENbCKUX BCMBbIWEK NpU :
61aronpUaTHOM MarHUTHOM
coefiHeHUM ¢ Habnroaatenem.

* Tpw rpynnbl BCAbILWEK:

* 1) co cnabbim SMWM (ncuesHoseHme
BOJIOKHQ ), 6b1cTpbIMU KBM,

Proton Event Size

Flares without SPEs 3]
6oNbWMMU NOTOKAMU NMPOTOHOB. o
are alze
* 2) ¢ cunbHEIM MU, bbICTpEIMU Figure 1. Shenaic conpuion of SPE v flre s poranetrs o g
KBM M 60“ bUJMMM nOTOKGMM associated SPEs, (2) main hgqufllif of SPEs associated with big flares and

strong shocks, and (3) non-SPE events with either no or slow associated CMEs.

npoToHoB (rnasHas
nocnefoBaTenlbHOCTb, CUHAPOM
«601bLLIOU BCMNbIWKU»)

3) 6e3 CTTC n KBM (>618 km/c); (Cliver et al., 2019)



KuHematuuyeckme oLeHKu

B 11ojste 3peHnusti KopoHorpadQa
LASCO C2 (1.5—6Rsun) CKOpOCTH
KBM., KOTOpPpBIE COIIPOBOXJIAKOTCH
YCKOPpE€HHEM ITPOTOHOB =500 M»nsB,

V= 1500—3000 xkMm/c.

OTI 3HAYCHUS 3a;1aroT
YCKOpEHHE

a =V2/2d —-3—13 kmMm/c”

(d = 0.5Rsun 10 C2)

M €O JAJIUTECIIBHOCTH

T =V /a —-—500—240 c.



OrpaHuyeHHsbIe (confined) scnbiwku 6e3 KBM u CTTC

* Bpema mexay makcumymom T um
makcumymom EM meHee asyx
—_ 1000 MMHYT

* PaauousnyyeHue Ha vacrtortax
Huxe 1415 Mly He
HabnropaeTca,cnenosartesnHo,
BO3HUKAeT OorpaHu4veHue no
Bbzcote <50 Mm.

‘l er“‘
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Figure 6. Schematic showing the possible scenario and locations of high-
energy proton acceleration and reacceleration during the flare—CME eruption
on 2017 September 10. Connection arrows illustrate the particle transfer
episodes, labeled according to the y-ray phase numbers defined in Figure 1.
Arrow X symbolizes reconnection outflows affecting the flare arcade during

Phase 3.
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Gamma-ray flare

Acceleration of high-energy protons by collisions against
irregularities of the magnetic field is known as Fermi-type
acceleration (Fermi 1949). Compressive and turbulent plasma
flows associated with the solar flare—CME eruption provide a
number of opportunities for Fermi acceleration, either of the
first-order (regular) acceleration in compressive flows or of the
second-order (stochastic) acceleration in turbulence of various
kinds, or both.




Mone Apancepa (Dreicer, 1959)

IIpu 3HaYEHMSX T10JISI MEHbIIIE IPaiicepOBCKOT0, CyOIpaiicepOBCKUX,
YCKOPSITHCSI MOTYT TOJILKO OBICTPBIC YAaCTHUIIbI, HAXOIAIINECS B
XBOCTE MAKCBEJIOBCKOI'O PacupeieieHUsI CKOPOCTEN. TIpU
3HAYECHUSX I10JIs1, IIPEBBILIAIONIIET0 APACEPOBCKOE,

CyIepApanCepOBCKUX, YCKOPSIIOTCS OOJIBITMHCTBO YacTull (JIbICEHKO
u qp., 2020).

Ep = 1078 n/T B/cum (Trubnikov, 1955)
Pas6poc moust Jpaiicepa mist (T=10 MK, n=2.5-10"" cm™, 1415

MTI') u (T=30 MK, n=7.4-10° cm™. 245 MTI'y) 6yzer ot 2.5-107
B/cm 10 2.5:107 B/em

OLeHKa BpEMEHU YCKOPEHUS T = P /CE p.-rTAep =¢C \/ m? + m%,

oyaet ot 2.4 no 45 ¢ ans snexkrpoHa 100 k3B.



[None nepecoeaguHeHNA, MaKCUMaZIbHaA SHepPrus

E=1BvV
C

O1neHka 1oJist nepecoeIMHEeHUs 1l BCrblky 6 uroiis 2012 X1.1 B

MOMEHT T 0 = 25 MK, L,,,, — pa3mep 001aCTH BCIBIIIKA

L(t) < ?{/E M(t)/2ny(t)?%), 1 MAKCUMAJILHOM SHEPTUU YCKOPEHMUSI

(0e3 ydyera motephb Ha U3NIYUYCHHUE) Egx = ELpax

n[CM=3] | L[Mm] |dL/dt[km/s]| B [Gs] | E [V/cm]
MHZ

1415
610
410
245
245

2.5-101°

4.6:10° 85 415 28 11.6
2.1-10° 140 705 19 13.4
7.4-108 280 1400 11 15.4

74108 280 1400 66* 92.4



OrpaHuyeHHbIe BCMLIWKU, 3N1eKTPOHHbIE COBbITUS

-

- red - EPHIN electrons 2.64-10.4 MeV
'/>* ] blue - ACS SPI 1 min running average
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