Interaction of particles beams with chromosphere during impulsive phase of solar flares
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Introduction

The high time-resolution observationsof profiles and light curvesof the
| Mline provide comprehensivanformation on the dynamicprocessesiuringthe
solarflares,especiallyduringthe impulsivestagesof the flares

We present here results of investigationof time and spatial correlations
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Abstract

Energytransport by fast, non-thermal particlesfrom primary energyreleaseplace- locatedin the top of flaringloop - to the loop
foot-points, playsveryimportant role in solarflares A fully understandingof the processe®f energytransportand energydepositionin

betweenl| h Xray, and UV emissionsaswell asthe evolution of so-called9 5 [ Q &he chromosphereduringflaresrequireshigh (subsecond)cadenceobservationsand appropriatenumericalmodels

(EnergyDepositionLayers)f two medium-classsolarflares the C1.6 flare in the
NOAAl11564activeregion (SL3W58) at 10:20 UTon 2012 Septemberl0 and the
Cl.1 flare in the NOAA11772activeregion (SL5W31) at 12:20 UTon 2013 June

Theanalysisof two compactsolarflareshavingsimilar GOESlass(CL.1 and C1.6), but different a K I NRgf tB&éray emission
duringthe impulsivephaseis presented Variationsof the positionsandthe verticalextent of the energydepositionlayers(EDLsaswell
asvariationsof the flaring spectraand emissionintensitiesrecordedin the | hhydrogenline are alsostudied

21. Both flares have had similar GOESlassesbut very different a K NR§fS & & € Thevariationsof the HXRfluxesand| hintensitiesduring the impulsivephaseof the flareswere well-correlatedand agreedwith

X-ray emissionduringtheir impulsivephases

Theobservationaldata are comparedwith numericalmodelsof the flares
We applied a singleloop one-dimensionalhydrodynamic(1D-HD) model The
evolutionsof the EDLgluringthe variousphasesof the flaresare comparedwith
variations of the HXRand | P emissions Variations of shapesof the | hline
profile during the impulsive heating of the plasmaby the NTEs(NonThermal
Electrons)n sub-secondresolutionare alsopresented
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Figl. Spatialcorrelationof the flare emissionfor C1.6 solarflare on 2012Sepl0.1 "line
centre image and | h contours (upperleft); UV 94 ) image and HXR(blue) and | h
(orang® contours (uppermiddle and upperright). Thel hline profiles (90% and 98%
isocontou)) for selectedtimes during impulsivephase (lower-left and lower-right) and
160 sec Fulltime-cadenceseriesof the mean| hline profiles of a part of the flaring
kernel(delimitedby isocontour90%j is at lower-middle panel [Radziszewslat. al, 2020

Numerical model

The 1D-HD numerical models of the flares were calculatedusing the
modified hydrodynamicl-D SolarFluxTubeModel (Mariskaet al., 1982 1989
and Falewiczetal,, 2009. The models were calculated under the basic
assumptionthat plasmaconfinedinside the flaring loops was heated only by
variablein time beamsof the non-thermal electrons Thebasicparametersof
the NTE beams were derived from HXRspectra recorded by the RHESSI
satellite. Steadystate spatialand spectraldistributions of the NTEsalongthe
flaring loops were calculatedfor every time step of the models using the
FokkerPlanckformalism More information one canfound in: Radziszewslat.
al,2020andFalewiczRadziszewslat. al, 2017.

Conclusions

the variations of the calculatedpositions and vertical extents of the EDLs Impulsivevariations of the | "emissionwere causedby
individual,short-lived episodesof energydepositionby the electronbeamson variousdepthsin the chromospherigplasma

Theinvestigatedflareswere observedin | Pline with very high time resolution of 0.05 sec(20 spectraimagesper second)using
the Multi-ChannelSubtractiveDouble Pass(MSDPspectrographat . A I tDbsedatory(Universityof 2 N2 Q Bdlaad),aswell as by
GOESNnd RHESSlatellitesin X-ray domain Thenumericalmodelswere calculatedassuminghat the externalenergyis deliveredto the
flaringloop only by non-thermal electrons
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Fig2. Left column X-ray light curves(demodulatedto 250 mstime resolution)recordedby RHES3h energyranges 6¢10 ke\, 10¢20 keV, 20¢34 keV, and
34¢70 keVduringthe impulsivephaseof CL.6 solarflare on 2012Sepl0. Verticallines(H1 - H4) indicatemaxima(pulses)of the HXRemissionobservedin
the 20-34 keVenergyrange Secondcolumn H line light curvesrecordedin<=H",51.0) E=H",, and<=H",+1.0) with the HFMSDPsystem Third
column Timevariationsof the numericallymodeledpositionandthe verticalextent of the EDLand observedemissionsn the H" line centre and HXR(20¢
34 ke\). Rightcolumn H" line profilesof the brightestpart of the flaring kerneldelimited with anisocontourof 98% of the highestintensityin the H line
centrerecordedat the H4 peaksof the HXR(f 2 sec)and four-secondlong seriesof the meanH" line profiles of the samepart of the flaring kernelwith
visiblesub-secondvariations All light curvesin Fig3 were smoothedwith a one-secondwide boxcarfilter. [Radziszewslat. al, 2020

Results

Usinghigh time resolution (0.05 s) spectraobtainedwith the MSDPspectrographreconstructedquastmonochromaticimagesas
well asthe RHESSlata, we determinedvariationsof the emissionsn the | Nline and the HXRrange of the individualflaring kernels
duringthe shortlastingand spatiallylimited emissionscausedoy NTEsDuringthe impulsivephasesof both Cl-classsolarflares,the | h
and X-ray emissionswere very well correlatedin time, so increasesn the emissionof the chromospheren the I "line were detected
veryshortly after the HXRpulses

Duringthe C1.6 flare on 2012 Septemberl0, the maximumof the | hemission(in the line centre andthe wings)wascorrelatedin
time with the most strongpulseof HXRmarkedasH4 in Fig 2. Duringthe H4 pulse,veryfast (subsecond)variationsof the | hline profile
and brightnesswere observed(Fig 2 - right column) During the maximumof the HXRemission,the upper boundary of the energy
depositionlayer (EDL)wasat an altitude of HU=1325km abovethe temperature minimumwhile the lower boundarywasat an altitude
of HD=L300km, i.e. belowthe temperatureminimum.

In contrary, the Cl1.1 flare on 2013Junel3, reachedmaximumof | hemissionafter impulsivephase,during maximumof thermal
SXRemission,which indicatesthat thermal conductivity playeda dominantrole in the transport of energyto the chromospheren this
case During the impulsive phase, non-thermal signatureswere clearly visible in the Ha light curve, but well before the emission
maximumwas reached(Fig4). Thecomparisonof the X-ray spectraof both flaresis shownin Fig 3. More detailed information about
both flaresand extensiveanalysigsin: Radziszewsldt. al, 2020and FalewiczRadziszewslat. al, 2017,

- Flares with the same GOES classes do not must have the same dominant mechanisms of energy transport to the chromasghdyegdpar/ thermal conduction).
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- Hightime resolution numerical modelling of the flaring loops allows one to calculate the spatial extents and locatlmmgmérgy deposition layers (EDLS).
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Fig3. RHESSpectrasrecordedduring the impulsive phaseof the Cl.1 flare on 2013
June21lflare (left panel)and C1.6 flare on 2012 SeptemberlO (right panel) Thespectras
were fit with the singletemperature thermal model (blue line) and thick-target model
(greenline). Thetotal fitted spectraare red. Obtainedvaluesof + are different. 1 =6.3
for CL.1 flare and+ =4.0 for CL.6. Dotted vertical lines delimit energyrangesusedfor
fitting. The E, and{ parameterswere calculatedusingthe thick-target model and the
parameterizedmodelsof the injected NTEbeams [Falewicz Radziszewslet. al, 2017
andRadziszewsldt. al, 202(
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Fig4. Upperright panel spatialcorrelation of
the | hemission(image)and the RHESSHXR
23-34 keV emission (contours 16.5% 20%,
30%, 50% of the max signal)of the C1.1 solar
flare on 2013 Jure 21. Two bright | hflaring
kernels are marked K1 and K2. Left column
time variationsof the calculatedposition and
extent of the NTEEDL the X-ray emissionin
various energy ranges,and the observed| h
line centre emissionof the Kl flaring kernel
during the 2013 June 21 flare. Upperleft
panel position of the maximum of the NTE
depositedenergyflux (blackline), with lower
and upper boundariesof the energy depo
sition region(red andblue lines,respectively)
Middle-left panel RHESSK-ray emissionin
the 3-10 keV, 10-20 keV, and 20-34 keV
energyranges(demodulatedto 250 ms time
resolution) H1 - H3 indicate HXRimpulses

Lowerleft panet | hline centre light curve of the K1 kernel (time res. 50 ms). More
detaileddescriptionin FalewiczRadziszewslat. al, 2017.
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