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AHHOTaAUUSA

Bonpoc 06 aHepreTuke CorHe4YHbIX BCNbiweK (Mnmn o6 oTHOCUTENIbLHOM BKIage
3NIeKTPOHOB N NPOTOHOB), ABMAETCA OOAHUM U3 KNK4YeBbIX B (hnsuke Benbiwek. Mpun
3TOM MHOrve cneumarnucTbl CKNMOHHbI CYUTaATb ero pewweéHHbIM. Mexay Tem, mexay
doU3NKON YCKOPEHUA N SIHEPreTUKON BCNbILEK UMeeTCs psAf CepbEe3HbIX
«HECTbIKOBOK», OTHOCSILUMXCA K CaMbIM PpaHHMUM (HavanbHbIM) CTaAUAM YCKOPEHMUS.
Ona npumepa ynomMsaHeM Tak Ha3biBaeMoe cABUroBoe YCKopeHue (CM. aoknan
MupowHunyeHko u CtoxkoBa Ha Cekuuum MNK-1).

C Apyron CTOPOHbI, XOPOLLO U3BECTHO, YTO B NpoLiecce YCKOPEHUs INIeKTPOHOB U
NPOTOHOB (MOHOB) BO BCMbILWKAaX UX NOTEPU UMEIOT CYLLeCTBEHHO pa3Hylo npupoay.
MpPOTOHLI TEPAKOT IHEPruo Ha MOHM3aLMIO U reHepauuIo raMma-usnyvyeHus npu
AAepHbIX B3aMMOAENCTBUSAX C OKPYXXaloLWMM BeLlecTBOM, NMPUYEM UX CNEKTPbI B
MCTOYHUKAX NOoAAaloTCH BOCCTAaHOBIIEHUIO. QNEKTPOHbI ke, KpOMe MOHU3ALMOHHbIX
noTepb, pacxoAyoT 3HEpPruo Ha reHepaLuo TOPMO3HOro (PeHTreHOBCKOro) u
CUHXPOTPOHHOro paauounsny4veHus. Mo aTon npuunMHe, Haao OXUAaTb, YTO UX
CNeKTPbl HAYHYT «paclUennaTbLCA», HAYNHasA C caMbIX PaHHUX CTaAWUN YCKOPEHMUS.
Mpu 3TOM BaXXHO NpaBUNIbLHO BbIOpPaThL Hanborsee yooOHbLIM NapamMeTp Ans
CPaBHEHUS CMeKTPOB, HAYMHas C MOMEHTa caMoro Ha4asia YCKOpeHus.

O6ocHOBbIBaeTcsl rMnNoTe3a, y4uThbiBaloLwWwas 3To pasnuyme, Npy yCrnoBun, 4YTo
o6a copTa YacTuL HaYNHAKT YCKOPATLCA OOQHOBPEMEHHO U B OOQHOM U TOM Xe
MecTe, T.e. paCCMOTpeHue BeAEéTcsl B paMKax onpeaenéHHon Mmoaesnun YCKOpPeHus.
Mpobnema cBOAUTCA K TOMY, YTO HapsiAy C BOCCTAaHOBJIEHUEM CNEKTPOB NPOTOHOB B
UCTOYHUKe TpebyeTca nNpoaenartb aHanorM4yHyr paboTty ana anekTpoHoB. OgHako
NPAMbIX AaHHbLIX O CNEKTPax 3/IeKTPOHOB B MEXMNJ1aHEeTHOM NPOCTPaHCTBe KpanHe
Masio, a BOCCTaHOBJIEHNEe UX CNEeKTPOB B UCTOYHUKAX CUITbHO 3aTPYAHEHO
NPUPOAON UX IHEpPreTU4YeCcKnx noTepb.
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steepening of their spectrum
(Miroshnichenko, 1995).



Model In use

» Fig.2 from Spiser’'s paper (1965)
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1. From my book 2001

1. A new approach to the problem under discussion was proposed by
Miroshnichenko (1995) who suggested that the differences ("splitting")
between proton (ions) and electron spectra are inevitable from the very
beginning of the spectrum formation (if both these particle
populations are accelerated in the same acceleration process).

2. Both populations start their acceleration simultaneously.

3. A convenient parameter would be a specific particle energy, i.e., an
energy per unit of mass.

4. It was suggested (Miroshnichenko, 1995) to analyze the spectral
differentiation on the condition of normalization of R(p) = 1838xR(e) =
1.0 MV, i.e. starting with V(p) =z V(e).

5. From Equation Ns(R) ~ Wf (+0.5-3.0), the real contribution of the
number of accelerated protons or electrons to the energetics of flares may
be evaluated. It depends considerably on the form of SCR spectrum in the
source. Due to the selectivity of the acceleration mechanisms and different
nature of energy losses of electrons and protons, their source spectra
should be subject to softening at different rates nearly from the very
beginning of the acceleration process.

This results in a differentiation of the two spectra initially closely coupled
by a common acceleration mechanism (Miroshnichenko, 1987, 1990). In
this context, it is important to choose the most suitable parameter to
compare the quantities of accelerated electrons and protons.



2. Foundation

In the light of well-known proton hypothesis of Simnett
(1986), a convenient parameter would be a specific
particle energy, i.e., an energy per unit of mass.
Obviously, the equallty of specific energies is
possible, provided the condition of V(p) = V(e)
holds. It follows that the momenta (or rigidities) of
two particles will obey the ratio of their masses,
m(e)/m(p). Therefore, It was suggested
(Miroshnichenko, 1995) to analyze the spectral
differentiation on the condition of normalization of
R(p) =1838xR(e) =1.0 MV, I.e. starting with V(p) =
V(e). A proton rigidity of 1 MV approximately
corresponds to athermal energy E(p) = 10(+3) eV
which would be the initial value for the acceleration
of protons, for example, by a DC electric field.



3. Foundation

Obviously, evaluation of the source spectrum and energy losses
of the electrons from data of the wave radiation signature, even
for anarrow region of the spectrum, will depend heavily upon
model ideas on loss conditions in the source and on
mechanisms of emission. Nevertheless, there are good
reasons for a possibility of such evaluations. In particular,
observations near the Earth show that electron energy
spectra from 30 keV to 3.0 MeV have a non-monotonous
decreasing form (see, e.g., Kurt et al., 1981), the number of
relativistic electrons belng several orders less than the number
of relativistic protons in the same flare. Such a difference
seems to be explainable by electron losses to synchrotron
radiation, which under flare conditions falls into the ultra-violet
range (Bulanov et al., 1985). In connection with existing
difficulties in mterpretmg of the electron component of solar
cosmic rays, it appears to bereasonable to compile an
Electron Source Spectrum Catalogue, similar to the Proton
Source Spectrum Catalogue (Miroshnichenko et al., 1999).



4. Foundation

Let us conclude this section by discussing briefly the acceleration
of protons in the model of the RCS proposed by Litvinenko
(1996). According to his finding, the magnetizing longitudinal field
(see Figure 5.5) is proportional to the square root of the particle mass,
being about 40 times larger for protons than for electrons. This gives
an interesting consequence concern the composition of
accelerated particles. For a small longitudinal field, the Speiser
mechanism is applicable for both electrons and protons these
particle gaining the same speed in the RCS. Thus, the energy
release mainly occurs in the form of protons with the energy about
0.1-1.0 MeV. Protons and electrons leave the RCS with the same
speed almost parallel to the magnetic field. Thus, a neutral beam is
created, traveling down the flare loops. Because the energy resides
mainly in protons, they might be responsible for the chromospheric
heating and flare X-ray emission. Experimental evidence and
theoretical arguments in favour of the neutral beams were reviewed,
e.g., by Martens and Young (1990)



5. Foundation

As the longitudinal magnetic field increases, one returns to the
standard picture of acceleration, in which the electrons carry
the bulk of particle energy. The model of Litvinenko (1996),
therefore, relates the properties of accelerated particles to the
structure of the reconnection region. This approach may be
a step toward aunified description of particle acceleration
In flares and may resolve the existing controversy between
the proton and electron beam models (for more details see
Litvinenko, 1996). Though this study focused on the electron
acceleration, the RCS model also allows for the generation of
neutral beams with energy primarily residing in protons. The
relative efficiency of the two processes was found to be
determined by the magnetic field structure inside the RCS.
This approach might resolve the existing controversy
betw)een the electron and proton beam models (cf. Simnett,
1995).
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SPARK project 2

Abstract. As a frequent and energetic particle accelerator, our Sun
provides us with an excellent astrophysical laboratory for
understanding the fundamental process of particle acceleration.
The exploitation of radiative diagnostics from electrons has shown
that acceleration operates on sub-second time scales in a complex
magnetic environment, where direct electric felds, wave
turbulence, and shock waves all must contribute, although precise
details are severely lacking. lons were assumed to be accelerated
in a similar manner to electrons, but y-ray imaging confirmed that
emission sources are spatially separated from X-ray sources,
suggesting distinctly diferent acceleration mechanisms. Current X-
ray and y-ray spectroscopy provide only a basic understanding of
accelerated particle spectra and the total energy budgets are
therefore poorly constrained.



SPARK project 3

- Additionally, the recent detection of relativistic ion signatures
lasting many hours, without an electron counterpart, is an enigma.
We propose a smgle platform to directly measure the physical
conditions present in the energy release sites and the environment
In which the particles propagate and deposit their energy. To
address this fundamental issue, we set out a suite of dedicated
Instruments that will probe both electrons and ions simultaneously
to observe; high (seconds) temporal resolution photon spectra
(4 keV - 150 MeV) with simultaneous imaging (1 keV — 30 MeV),
polarization measurements (5 -1000 keV) and high spatial and
temporal resolution imaging spectroscopy in the UV/EUV/SXR (soft
X-ray) regimes. These instruments will observe the broad range of
radiative signatures produced in the solar atmosphere by
accelerated particles.



SPARK project 4

The following areas thus represent a continuing signifcant gap in our
understanding of particle acceleration that require new approaches and
Instrumentation:

1. The Sun as a laboratory for understanding particle acceleration.

2. What is the transition between plasma heating and particle
acceleration?

3. What are the processes responsible for ion acceleration, and
what is their relationship to electron acceleration processes?

4. How and where are the most energetic particles accelerated on the
Sun?

5. What is the role of the magnetic feld in determining the onset and
evolution of particle acceleration, and what is the role of energy transport
effects?

6. y-ray emission as a tracer of plasma composition?



Our approach

B otnuuue ot aBTOpOB npoekta SPARK, KoTopble npeanaraloT HOBbIe U3MepPeHUs
pa3fyYHbIX NapamMeTpoB BCMNbIWEYHOro N3fny4eHns C BbICOKOU TOYHOCTbIO, Mbl
npeanovYuTaemM NonyaMnupuyeckum noaxon K npobrieme yCKoOpeHus 4yactuy Ha
ConHue, T.e. Mbl UICXOAUM, NpeXae BCero, U3 AaHHbIX HabnoaeHuun (cnang 2), ¢
npuBrie4eHMeM onpeaenéHHbIX (COBpeMeHHbIX) MoaesibHbIX MpeacTaBrieHUn o
BCNblWeYHbIX npoueccax (cnang 3). B yacTtHOCTU, Mbl UCXOAUM U3 TOFO, YTO
YyacTulbl BCeX BUAOOB (3M1eKTPOHbLI, MPOTOHbLI U bonee TAXENble UOHbI) HAa4YMHAIOT
yCKOpATbCA oaHoBpemMeHHO. Kakue ecTb OCHOBaHUA ANA Takoro noaxoga?

1. ECTb BO3MOXHOCTb U3 (hU3MKU NNa3mbl NnogoobpaTtb Handornee yaoOHbIN napamMeTp
ANA CpaBHEHUSA CNEKTPOB 3TUX YacTuu. Takum napameTpomM MOXeT ObITb yaenbHas
3Heprusa 4yactuu, T.e. SHeprua Ha eaguHULY maccbl. A proton rigidity of 1 MV
approximately corresponds to a thermal energy E(p) = 10(+3) eV which would be
the initial value for the acceleration of protons, for example, by a DC electric field.
MMeHHO ¢ Takux TensioBbIX 3HEPru HAYMHAKT YCKOPATLCA NPOTOHbI (CM.,
Hanpumep, KHuUry E. Priest and T. Forbes, n yuutupyemyto tam nutepartypy.

2. 310 pa3nnuma B npupoae Ux notepb yckopsieMbix yactuy. OcobeHHO Benuka
pa3Huua mexnay 3NeKTpoHaMum U nNpotToHamu. bornee TAXénble MOHbI NpeACTaBNAIOT
oTAaenbHY0 Npob6rieMy, U Mbl MNOKa OrpaHU4YMM PacCMOTPEHNE IeKTPOHaAMU U
NPOTOHaAMM.

3. Mpun 3TOM MbI B 3Ha4YUTENbLHOU CTEeNeHU onupaemMcsl Ha onbIT Hawen paboThbl,
BbINOJIHEHHON Npu noaroToBke pyHAamMeHTanbHoro o63opa NMaHacrok M. U.,
MwupouwHu4yeHko J1. U. YckopeHune 4yacTuy B KOCMOCe: YHUBepCaribHbIU MeXaHU3M? —
Ycnexu ®usuyeckux Hayk, 2022, 1.192, Ne4, c.413-442.
https://doi.org/10.3367/UENr.2021.07.039022 - ans pyccKou Bepcum,
https://doi.org/10.3367/UFNe.2021.07.039022 - pna aHrnMncKou Bepcuun.
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(moGanbHbIN U NOKaribHbIU YPOBHMU
MoaennpoBaHUS YCKOPEHUS

dusnyeckue npouecchbl, KOHTPONUPYHOLLUE YCKOPEHME, fexaT B
npomexyTtke (“interface”) mexay rnobanbHbLIMU U NOKaNnbHbLIMMU
asneHnsmu. lNepBas ¢pa3za ycKkopeHUs1 YacTul OT TensiIoBOro
pacnpepneneHusa Hambonee MHTepecHa, Tak Kak MMeHHO oHa obecneunBaeT
npeaBapuUTENIbHYIO 3Heprusauuio (HarpeB), MHXEKLUIO N NO CyLUeCTBY
onpeaensieT 3apsaaoBbIN COCTaB YCKOPAEMbIX YacTuul. dta ctaaus
npoTeKaeT Ha JIOKaribHOM YPOBHeE, KOraa BaXHbl JIULUb <« MUKPOMNpoOLeCCbI»
B conHe4yHou nna3me (e.g., Vlahos, 1989; Somov, 1992, 2006, 2012;
Miroshnichenko, 1995; Miller et al., 1997).

C Apyron CTOpoHbI, YTOObI YCKOPUTLCA A0 PESIATUBUCTCKUX SHEPruu,
CBepXTensioBble YaCTULbl HYXXAAKTCSA B COBEPLUEHHO UHbIX
NPOCTPAHCTBEHHbLIX MacliTabax, cpaBHUMbIX, MO KpauHen Mmepe, ¢ Ux
rmpopagvycamMmm B KOPpOHasibHbIX MarHUTHbIX MOMSX.

B 10 Xe Bpems, HabnoAeHNs NOKa3bIBaOT, YTO yCKOpeHue Ao
pPensTUBUCTCKNX IHEPrum ocyllecTBsAeTCA 3a BpemMs nopsaaka 1 ¢ ans
NMPOTOHOB U NopsAKa HECKONbKUX CEKyHA — Ans aNeKTPoHOoB (e.g., Miller et

al., 1997). CoBpemMeHHasa Teopusi nepecoeanHeHUNA AAET eLle Gonee
KOpOTKI/Ie BpemeHa (ComoB u OpewnHa, 2011).

MHbIMKM cnoBamMun, Ha Ha4YarilbHOU U 3aKIMOYUTENTbHOU CTaguUAX
chopmMmpoBaHMA crnekTpa YacTul Mbl UMeeM Aeno C pa3HbIMU
BPeMeHHbIMU U NPOCTPaHCTBEHHbIMM MacluTabamMu yckopeHus (e.g.,
Simnett, 1995).
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MeTtoounyeckmne noaxoabl

* 1. AHAaNM3 gaHHbIX HAONAEHUN: MOXHO
N1 NO AaHHbLIM OHOW BCIbILLKK (CMEKTP
9N1EKTPOHOB U X-U3Ny4yeHus)
BOCCTaAaHOBWUTb CMEKTP 9NEKTPOHOB B
NCTOYHUKE?

e 2. JKCNEPUMEHT
* 3. MogenunpoBaHue
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CSHKP

 The CSHKP acronym refers to four key
theoretical papers that appeared over the
time frame 1964 -
1976: Carmichael, Sturrock, Hirayama,
and Kopp & Pneuman. It might be easy to
Imagine that nothing new has happened
since then, except for minor tweaks,
judging from the Archive contents!



https://www.astro.gla.ac.uk/cartoons/Carmichael_1964psf..conf..451C_FLA.html
https://www.astro.gla.ac.uk/cartoons/Sturrock_1966Natur.211..695S_FLA.html
https://www.astro.gla.ac.uk/cartoons/Hirayama_1974SoPh...34..323H_FLA.html
https://www.astro.gla.ac.uk/cartoons/Kopp-Pneuman_1976SoPh...50...85K_FLA.html

Prospects

Cristina M.S. Cohen (2003):

““Problem of
particle
acceleration
does not die...”
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