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Abstract. Spectral line intensities observed by the Extreme Ultraviolet Variability Experiment
(EVE) on board the Solar Dynamics Observatory (SDO) during 2012 March 9 M6.3 flare
were used to diagnose a presence of a non-thermal electron distribution represented by a
κ-distribution. The diagnosed electron densities (≈ 2 × 1011 cm−3) are affected only a little by
the presence of the non-thermal distribution, and are within the uncertainties of observation. On
the other hand, the temperature diagnostics based on the line ratios involving different ionization
degrees is strongly affected by the type of the electron distribution. The distribution functions
diagnosed from relative Fe line intensities demonstrate the presence of strongly non-thermal
distributions during the impulsive phase of the flare and later their gradual thermalization.
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1. Introduction

Solar flares are the most energetic manifestations of the solar magnetic activity. The
magnetic reconnection transforms the energy of magnetic field mainly into the heating,
waves, motions, and particle acceleration (e.g. Priest & Forbes 2000). Typically, a supra-
thermal component (high-energy tail of electron distribution) is observed in flares (e.g.
Brown 1971, Fletcher et al. 2011) and solar wind (Maksimovic et al. 1997). Recent the-
oretical papers (Bian et al. 2014) and RHESSI observations of coronal X-ray sources
(Kašparová & Karlický 2009, Oka et al. 2013, 2015) suggested that the electron distribu-
tion function could have a form of κ-distributions. These distributions have a power-law
high-energy tail and they are able to approximate an effect of the power-law electron beam
on line spectra. The presence of the high-energy tail of the electron distribution during
solar flares affects the ionization and excitation state of flaring plasma, and thus the spec-
trum emitted (e.g. Dzifčáková & Dud́ık 2013, Dzifčáková & Kulinová 2010). Dzifčáková
et al. (2018) investigated diagnostics of the κ-distributions from the flare spectra observed
by the EVE instrument onboard the Solar Dynamics Observatory (Woods et al. 2012)
and indicated the presence of the electron distribution with a high-energy tail in the
X-class solar flare from 2012 March 7. In this paper, similar diagnostics were applied on
EVE spectra of the 2012 March 9, M6.3 flare (03:22 - 03:50 - 04:18 UT).

2. Kappa-distribution and Spectrum Calculation

The expression for the κ-distribution is (e.g. Olbert 1968, Dud́ık et al. 2017):
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Figure 1. Left: Comparison of the Maxwellian distribution (black line) with the κ-distributions
for κ= 2 (red), 3 (orange), 5 (green), and 10 (blue). The mean energies of distributions are the
same. Right: Ratio of Fe XXIV 192.02 Å to Fe XXII 135.79 Å for the Maxwellian distribution
(black line) and κ-distributions with κ= 2 (red), 3 (orange), 5 (green), and 7 (blue).

Figure 2. Density sensitive ratio of Fe XXI 145.73 Å to Fe XXI 128.75 Å for the Maxwellian
distribution (black line) and the κ-distributions with κ= 2 (red line). Temperatures correspond
to the maxima of the line intensities for these two distributions (left). Electron densities and
their error-bars diagnosed under the assumption of the Maxwellian distribution are shown in
black and for the κ-distributions with κ= 2 are red (right).

where κ is a free patameter, T is temperature, Aκ is normalization constant, m is particle
mass and E epresents the particle kinetic energy (Figure 1, left). In comparison with the
Maxwellian distribution, the κ-distributions have only one extra parameter κ, which
models its shape. Strongly non-thermal distribution has κ→ 1.5 and the Maxwellian
distribution corresponds to κ→∞. The mean energy 〈E〉 = 3kT/2 of a κ-distribution is
the same as for the Maxwellian distribution.

Synthetic spectra in the SDO/EVE spectral range 60 – 600 Å were calculated for
log (T/K) = 6.5 − 8.0, electron densities 1010 − 1013 cm−3, and κ= 2, 3, 5, 7, 10, and
Maxwellian distribution. To do so, we used the KAPPA package (Dzifčáková et al. 2015,
http://kappa.su.cas.cz) based on the CHIANTI database 7.1. The ionization equilibria
for the κ-distributions were taken from Dzifčáková & Dud́ık (2013). Ratios of syn-
thetic line intensities were used to diagnose physical parameters of the flaring plasma
(Figure 1, right, Figure 2, left).
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Figure 3. Behaviour of the flare temperature for the Maxwellian distribution (black points
with their error bars) and different κ-distributions (collor points with their error bars) derived
from Fe XXII 135.79 Å /Fe XX 121.85 Å (left) and Fe XXIV 192.03 Å /Fe XXII 135.79 Å (right).
GOES temperature is shown for a comparison (black line).

3. Results

SDO/EVE provides spectra with relatively low resolution (≈1 Å) and time resolution of
10 s. Spectra observed during the M6.3 flare of 2012 March 9 were averaged over 1 minute
for the density and temperature diagnostics, and over 2 minutes for diagnostics ofκ to
reduce the uncertainty in the determination of the line intensity ratios. After subtraction
of preflare spectrum, the spectra observed during 03:27 – 04:30 UT were fitted by XCFIT
(SolarSoft) to obtain the line intensities.

Electron densities in flaring plasma were found to be about 2× 1011 cm−3 with local
maxima up to 6× 1011 cm−3 (Figure 2, right). During the gradual phase of the flare,
the electron density increased slowly. The densities for κ-distribution with κ= 2 are
approximately 0.1 deg lower than those for the Maxwellian distribution. This difference
is however smaller than the uncertainties in determination of the electron density.

Diagnosed temperature depends on the line ratio used and as well as on the assumed
electron distribution (Figure 3). Local maxima of temperature correspond approximately
to the local maxima of the GOES temperature and their timing corresponds also to the
maxima of the diagnosed electron density. Different temperatures obtained from different
line ratios indicate the presence of the multi-thermal or non-equilibrium plasma. The shift
in the diagnosed temperature due to the assumption of the different distributions can
be up to a factor of 2 due to the presence of the high-energy tail. This effect shows how
important is the diagnostics of electron distribution function for determination of the
temperatures and flare energetics.

For diagnostics of the distribution function, the method proposed by Dzifčáková et al.
(2018) were used. Figure 4 left shows the observed line ratios for the whole time interval
03:27 – 04:30 UT. The right panel displays only data from the time interval 03:50–03:55
UT, when the line Fe XX 424.3 Å was visible. The colour coding of points with their
error bars corresponds to time, it increases from black, ought blue, green, and orange to
red. Observed line ratios from the impulsive phase or from flare maximum (blue points)
indicate strongly non-thermal distribution. They are far away from line ratios corre-
sponding to the non-thermal κ-distributions with κ= 2. This is a signature of strongly
non-thermal plasmas, which could also be out of ionization equilibrium. During decay
phase, flare emission shows signatures of successive thermalisation with time.

https://doi.org/10.1017/S1743921320001039 Published online by Cambridge University Press

https://doi.org/10.1017/S1743921320001039


Non-thermal diagnostics fro flare EUV lines 417

Figure 4. Diagnostics of the distribution function. The theoretical ratio-ratio diagrams are
based on the Fe XXI, Fe XXII lines (left) and Fe XVIII, Fe XIX, Fe XX lines (right). Maxwellian
distribution is represented by black lines, while κ= 10 by blue lines, 5 (green), 3 (orange), and
2 (red). Observed line ratios are shown with their error bars. Thin black lines connect points
with the same temperature in different distributions.
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