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Abstract

The minimum of solar cycle 24 demonstrated a series of strong flares that occurred in September, 2017, including four
X-class flares. Two of them, the X9.3 flare on September, 6, and the X8.2 flare on September, 10, are of particular interest,
because they were followed by a sustained gamma-ray emission observed by Fermi-LAT instrument during more than 10
hours at energies >100 MeV. While the second flare, X8.2, was well observed in microwave, HXR and gamma-ray ranges,
observations of the impulsive phase of the first one, X9.3, are rather poor: the impulsive phase occurred during “nights”

of both RHESSI and Fermi spacecraft.

Joint Russian-US experiment Konus-Wind, operating in the energy range 20 keV - 15 MeV and orbiting near Lagrange
point L1, observed the impulsive phase of the 2017-Sep-06 X9.3 flare. The impulsive phase lasted from 11:54to 12:05 UT
and demonstrated a few peaks in HXR range and gamma-ray emission at energies up to a few MeV. We performed spectral
analysis of this flare in HXR and gamma-ray ranges using the Bayesian statistics to distinguish between contributions
from relativistic electron emission and emission in gamma-ray lines, for which accelerated ions are responsible. Bayesian
inference revealed the presence of nuclear lines in the spectrum, thus ions were accelerated during 2017-Sep-06 X9.3
solar flare.

Konus-Wind Instrument

» Konus-Wind consists of two 13 c¢cm x 7.5 cm Nal(TL), which are located on opposite faces
of the Wind spacecraft, observing the southern and the nothern ecliptical hemispheres.
» Konus-Wind operating modes
> Waiting mode:
Count rate in 3 energy channels: G1 (~20-80 keV), G2 (~80-300 keV),
G3 (~300-1200 keV) with accumulation time 2.944s.
> Triggered mode:
» Count rate in 3 channels with variable time resolution from 2 to 256 ms, the total
duration ~240s.

» 64 multichannel spectra in two partially overlapping energy ranges

~20 keV-15 MeV. Accumulation times: 64 ms-8.192s.

» After accumulation of energy spectra the instrument is -
inactive for ~1 hour, when the count rate is available only E E
in G2 channel with accumulation time 3.6 s. L

» All the data for solar flares registered by Konus-Wind
instrument in the triggered mode are available on-line at
http://www.10ffe.ru/LEA/kwsun. u

» Detailed instrument description can be found in Aptekar et E I
al. [1995].
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» Konus-Wind observed 2017-Sep-06 X9.3 flare in the triggered mode since 11:55:29.0 UT.

» Time history in G1, G2, G3 channels with high temporal resolution is available since
11:55:29.0 UT till 11:59:18.7 UT.

» Multichannel energy spectra in two partially overlapping energy ranges are available
from 11:55:29.0 UT to 11:57:17.1 UT.

» Multichannel spectral fitting in 200 keV-15 MeV energy range was held on nine time
intervals, where gamma-ray emission (>500 keV) was observed.

» After the end of the trigger record 3 more maxima in G2 channel are observed, but,
unfortunately, there are no other measurements for this period.
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Table : Summary of the best Konus-Wind spectral fits in 200 keV-15 MeV energy range with best models

No.  tetart tstop model PL, A2 511 keV flux” Nuclear line flux® 2.2 MeV flux® CPL, v CPL,A* CPL,E In(P(D)) x?/dof Prob.
S S MeV

0 11:56:03.6 1157171  Pl+nuclear+2.2MeV+CPL  3.52+0:09 ¢ 5+04 0.39+0:24 0.18+0:04  (0g+02 10+04  41+18 17087 102.8/66 0.003

PL+511 keV+nuclear+2.2 MeV+CPL 3.58+0:09 ¢ 3+0:4  ( 7+0.04 0.41+0:25 0.18+0:04  0g+02 17+04  38+17T 17166 932/65 0,01
1 11:56:03.6 11:56:11.5 PL+511keV+nuclear+2.2MeV+CPL 3687022 70+08  0,09+0.10 0.82+0:31 0091010 Qp+04 014094 33+21 17587 57.7/65 0.73
2 1156115 11:56:19.7 PL+511keV+nuclear+2.2MeV+CPL 3.39+018 §4+05 0 g+0.10 0.86+0:35 0231012 E+04 0124058 97+49 _18764 83.3/65 0.06
3 11:56:19.7 11:56:27.9 PL+511keV+nuclear+2.2 MeV+CPL 3.407016 102+09  (,09+0:10 0.70+0:31 0161012 06F03 052109 39+16 18954 777/65 0.14
4 11:56:279 11:56:36.1 PL+511keV+nuclear+2.2MeV+CPL 3.34+0:11 181+09  13+013 1.12+054 0.23+013  0p+04 046+109 53+60 _18851 §3.5/65 0.53
5 11:56:36.1 11:56:44.3 PL+511keV+nuclear+2.2MeV+CPL 3277017 94+0:7  (09+010 1.12+0:44 0341013 @+04 0324104 54439 19064 81.6/65 0.08
6 11:56:44.3 11:56:52.5 PL+511keV+nuclear+2.2MeV+CPL 3.611041 31+08 (0 5+007 0.24+0:32 0331012 0 g+02 101+080 34+12 17789 590/65 0.18
7 11:56:52.5 11:57:00.7 PL+511keV+nuclear+2.2MeV+CPL 3751099 16+06 0 g+0.12 0.38+0:45 0.16+0:11 07403 (g7+044 ) 7+12 17578 766/65 0.15
8§  11:57:00.7 11:57:08.9 PL+511keV+nuclear+2.2 MeV+CPL 3.887039 18+04  ((g+0.08 0.66+0:27 0.20+011  5+04 (0 Q5+040 19 3+35 17490 85.3/65 0.05
9 11:57:08.9 11:57:17.1 PL+511keV+nuclear+2.2MeV+CPL 4227052 17+0:6  10+0.08 0.46+0:44 0101010 0 7+03 0454053 ¢0+67 17802 79.1/65 0.11

2|n units of 1073 photons cm~—2 s—! keV~! at 500 keV.

PIn units of photons cm=2 s~ 1,
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Gamma-ray emission in solar flares could be formed by:

» Bremsstrahlung continuum from accelerated electrons and positrons (fitted by power
law P L, broken power law, power law with exponential cutoff at higher energies C PL).

» Nuclear deexcitation lines (fitted by, for example, nuclear template from Murphy et al.
[2009]).

» Electron-positron annihilation line at 511 keV (fitted by gaussian line).
» Neutron capture line (n + p — d) at 2.2 MeV (fitted by very narrow gaussian line).

» Contunuum from Ay , ; es — outside Konus-Wind
spectral range.

Questions:

» How close is the best fit to the actual observations?
» What model is better confined in the parameter space (has narrower uncertainties)?

» What model is better confined in the observational data space (predicts possible
observations closer to the actual data)?

» What model components (PL, C PL, nuclear lines, etc.) actually present in the
flare spectrum?

Bayesian inference gives the answer by calculating the BayesF'actor.

Bayesian inference

» Bayesian inference implies investigation of the Posterior probability distribution
function (PDF) which can be calculated using the Bayes theorem:

P(D|0)P(6) "
P(D)
where 8 = 0, is the model parameter set, P(0) is their prior distribution, and P(D|0)

is the likelihood function. The normalisation constant P (D) is the Bayesian Evidence or
marginalised likelihood:

P(0|D) =

P(D) =/P(D|0)P(6)do. (2)
» Two competing models My and M2 can be quantitatively compared by computing the
Bayes Factor:

_ P(D|M,)

~ P(D|My)’

1<B12<3 - preferable model can’t be found out, 3<B;12<20 - positive evidence in
favour of model M7, B12>20 - strong evidence in favour of model Mj.

(3)

B2

» To sample posterior distribution, we use Markov Chain Monte-Carlo (MCMC() technique.

The sampling code is our own implementation of the Metropolis-Hastings algorithm
[Pascoe et al., 2017].

Spectral analysis results

» To establish the presence of different spectral components in the observed HXR spectra,
we analyzed integral spectrum with different component combinations:
PL + 511 keV + nuclear + 2.2 MeV +~ CPL, PL + CPL,
PL + nuclear 4+ 511 keV + 2.2 M eV, etc., and calculated the appropriate Bayes
factors.

» We got strong evidence in favour of nuclear deexcitation lines, flatter C P L continuum
iIn MeV range and neutron capture line at 2.2 MeV in gamma-ray spectrum, and possible
presence of e+-e- annihilation line at 511 keV (see the Table), which implies that the
flare was accompanied by ion acceleration.

» We analyzed multichannels spectra during nine time intervals with the following model
combinations: PL + 511 keV + nuclear + 2.2 MeV + CPL. Obtained model
parameters are presented in the Table and in the Figure.

» To estimate the flare flux and spectral evolution in HXR range with high temporal
resolution and during longer period, than multichannel data allows, and to compare
results with gamma-ray range we fitted two channels G2 and G3 with simple power law
model (degrees of freedom=0) for time period where background excess in G3 channel
was observed on 2.048 s time bins.
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» Bremsstrahlung continuum in lower energy range (P L model) demonstrates
soft-hard-soft spectral evolution during the main flare peaks.

» Proton spectral index in <30 MeV energy range is s=3.5ti;8 as estimated through the
neutron capture flux to nuclear deexcitation lines flux ratio [Hua & Lingenfelter, 1987].

» Flatter C PL component of the continuum could be caused by relativistic electrons and
positrons produced in nuclear reactions.

Conclusions

» 2017/-Sep-06 X9.3 flare demonstrated gamma-ray emission up to ~10 MeV.

» Bayesian analysis confirmed the presence of nuclear deexcitation lines and neutron
capture line at 2.2 MeV. We did not find strong evidence in favor of the

electron-positron annihilation line at 511 keV, but its presence cannot be excluded.

» Bayesian analysis confirmed the presence of additional continuum component
described by power law with exponential cutoff at higher energies.

» 2017-Sep-06 X9.5 flare efficiently accelerated ions as evidenced by the presence of
nuclear deexcitation lines and neutron capture line in gamma-ray spectrum.
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