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ABSTRACT

Previous estimates of the solar flare abundances of Si, $yrCand K from the
RESIK X-ray crystal spectrometer on board B®RONAS-F spacecraft were made
on the assumption of isothermal X-ray emission. We investithe effect on these es-
timates by relaxing this assumption and instead determithia differential emission
measure (DEM) or thermal structure of the emitting plasmaesgnalyzing RESIK
data for aGOES class M1.0 flare on 2002 November 14 (SOL2002-11-14T22:26)
for which there was good data coverage. The analysis methed a maximum-
likelihood (Withbroe—Sylwester) routine for evaluatitgtDEM. In a first step, called
here AbuOpt, an optimized set of abundances of Si, S, Ar, argfféund that is con-
sistent with the observed spectra. With these abundanedifferential emission
measure evolution during the flare is found. The abundanteization leads to re-
vised abundances of silicon and sulfur in the flare plasm@) = 6.94 4+ 0.06 and
A(Si) = 7.56 £ 0.08 (on a logarithmic scale witll(H) = 12). Previously determined
abundances of Ar, K, and Cl from an isothermal assumptiorstllethe preferred
values. During the flare’s maximum phase, the X-ray-engtplasma has a basically
two-temperature structure, with the cooler plasma withraxmately constant tem-
perature (3—6 MK) and a hotter plasma with temperatére 21 MK. Using imaging
data from theRHESS hard X-ray spacecraft, the emission volume of the hot plasma
is deduced from which lower limits of the electron densityand the thermal content

of the plasma are given.

Subject headings: Sun: corona — Sun: flares — Sun: X-rays, gamma-rays — Sun:

abundances
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1. Introduction

Observations of solar soft X-ray spectra are essentiahi@diagnostics of hot plasmas
associated with flares and active regions. The fluxes of énidimes and continua depend
sensitively on electron temperature or rather, since tasmpé is not in general isothermal, the
distribution of emission measure with electron tempegatutor rapidly varying conditions,
X-ray spectra can also be used to find the plasma'’s ionizatate or the presence of nonthermal
electrons. If combined with images taken at similar enesagyges, lower limits of electron

densities and the energy content of the emitting plasmalsarba found.

The RESIK (REntgenovsky Spektrometr s Izognutymi KrigtalaSylwester et al. (2005))

instrument, a crystal spectrometer aboard the RUSS@IRONASF spacecraft, is one of
several such spectrometers over the past 30 years or soaibiegt crystal geometry with
position-sensitive detectors, so that complete spectea particular ranges can be captured

in short time intervals and with much higher sensitivityritha possible with flat scanning
spectrometers. RESIK obtained spectra from non-flarinigeacegions and during numerous
flares between 2001 and 2003, the only crystal spectronetier $0. This period occurred during
the latter part of Cycle 23, when the activity levels werehgigthan at any time since, including
the peak of the present cycle (humber 24). Consequentlymdeuof large active regions and
flares were observed, and the results already discussethlagcaf observations is available at
http://www.cbk.pan.wroc.pl/experiments/resik/resé#talogue.htm. Four spectral bands covered
the nominal range 3.A—6.1A with two silicon crystals (Si 1112d = 6.27 A) for channels 1 and
2 (spectral ranges for an on-line source 3%6.80A, 3.83,&—4.27,&) and two quartz crystals
(quartz1010, 2d = 8.51 A) for channels 3 and 4 (spectral ranges 483%1.86A, 5.00A-6.05A).
Instrumental fluorescence background emission, often blgmowith previous solar X-ray
spectrometers, was minimized through the adjustment siegplkight analyzer settings over the

mission lifetime; ultimately, for the period 2002 DecemBédrto 2003 March 23, the fluorescence
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background was entirely eliminated for channels 1 and 2 &nahnount reduced and accurately
estimated for channels 3 and 4. To maximize the instrumsatisitivity, no collimator was used;
although this introduced the possibility of overlappingsipa from two or more X-ray sources on

the Sun, in practice this very rarely occurred.

RESIK was intensity-calibrated to a higher accuracy thas passible for previous solar

crystal spectrometers (the procedure is describe .l(2005)), so enabling element

abundances to be derived for elements whose spectral éaasé in RESIK spectra. Previously,

such analyses (see e.g. Sylwester et al. (2010b)) have lsesumption of an isothermal

plasma for the X-ray emission and with temperature and eomsseasure given by the flux ratio
of the two emission bands GOES. The justification for this was that plots of the measured lin
fluxes during flares divided by tHteOES emission measuré{M ors) againsiGOEStemperature
(Twors) showed points distributed either along the theoreti¢@l.) function or the function
displaced by a constant amount. THET,) function is the line emission per unit emission measure

as a function of electron temperatufecalculated, e.g., from theHIANTI atomic database and

software package (Dere etal. 1997; Landi et al. 2012) forssnmed element abundance. The

amount of the displacement gives the factor by which theraegtabundance must be adjusted to
give agreement with the measured RESIK line fluxes. A pdertutight distribution of points
around the calculate@(7,) curve was obtained for the case of the VIl lines in RESIK’s
channel 2, and a rather broader scatter of points for K andnCéghe line emission for these
low-abundance elements was weak. Thus an argon abundamoatesvith very small statistical

uncertainty A(Ar) = 6.45 + 0.06 on a logarithmic scale wittl(H) = 12) resulted, in close

agreement with other argon abundance estimates from sotaep (Sylwester et al. 2010a). The

RESIK Si and S abundance estimates are based on strong linelke and He-like Si and S
seen in RESIK’s channels 3 and 4, but the distribution of {sogiven by line flux divided by

EMgogs againstloors was less impressive than that for the &Il lines. It was speculated

Sylwester et al. 2012, 2013) that the subtraction of chfkiarescence was not as accurately
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done as was thought or that the results were affected by Saesedccurring very near the end
of the range of either channel 3 or channel 4. Here we invagtighether the assumption of an
isothermal emitting plasma might instead be more significafeading to biased results, the
thinking being that the temperature derived from the ®@ES channels is more representative of
the hotter ArXVIl lines than that of the H-like or He-like Si and S ions, an ideaadibed further

in Section 3.

In this work, we discuss RESIK spectra for the particularcafsthe M1.0 flare on 2002
November 14 withGOES soft X-ray maximum at 22:26 UT (SOL2002-11-14T22:26 using t
IAU standard flare-naming convention). We first used anftisezgrocedure (AbuOpt) to derive
optimized element abundance estimates of Si, S, Ar, andnégedhese elements are represented
by lines in RESIK spectra and so their abundances will intteethe nature of the RESIK spectra.
The optimization is done with a maximum likelihood routitleg Withbroe—Sylwester routine)
which determines the differential emission measure (DEMJ optimized abundances of Si
and S in particular differ from our previous estimates bamedn isothermal assumption. With
the Withbroe—Sylwester routine, and with the optimizedratances of Si, S, Ar, and K, the
evolution of the differential emission measure (DEM) oves flare duration was then found.
With X-ray images of this flare frolRHESS, estimates of the emitting volunié are made, and
from these, lower limits to the electron densities and tlamnergy content of the flaring plasma
are determined. The physical significance of the new Si arsli8dances are discussed in respect
of the well known first ionization potential (FIP) effect,ihich the abundances of elements with

low (< 10 eV) FIP in coronal plasmas are apparently enhanced oveogplo¢ric abundances.

2. Observations

The SOL2002-11-14T22:26 flare occurred in active region RQAA195 located at S14EG65,

a region that had recently rotated on to the south-east Imdtha@came flare-productive on 2012
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November 14. During the November 14 flare under discusdi@nXtray emission, indicated by
both RESIK andSOES, showed a sudden enhancement starting at 22:15 UT with nuaxiat
about 22:26 UT, followed by a slow decay extending until ggaaft night, at 22:56 UT. Some
124 individual RESIK spectra (total integrated time 26.5uatés) are included in the spectrum
shown in Figuré1l (top left panel) which is averaged over tht@@flare duration. The top right
and lower panels( g, n) show RESIK spectra averaged over time intervals (givehenception)
during the rise, maximum, and decay phases of the flare. Téregihg relative line fluxes of the
S XV lines near 5.04 (channel 4) and XVI Ly-« line at 4.73A, connected by dotted lines,
are evident, indicating as expected that the maximum tesyper is attained near the flare peak
phase. Three RESIK spectra were taken during the previacesmaft orbit (from 21:15:16 UT
to 21:18:52 UT) when no soft X-ray flare was in progress anddted X-ray activity was much
lower (GOES C1 level); the average of these spectra is shown near thdeaarioof paneln,
clearly showing that the spectra shown in Figure 1 are almatstely due to the flare. The chief
spectral line features are due to transitions in H-like aedike ions of Si, S, Ar, and K and are

formed by thermal plasmas with temperature range 2 MK to 2Q Kidong those of note are the

He-like K (K XVIII 1s? — 1525, 152p) lines (see Sylwester etlal. (2010b)) and H-like and He-like

Ar lines in channel 1; the He-like Ar (AxVII 1s? — 1525, 152p) lines Oa) and
the He-like S (XV) 152 — 1s4p line in channel 2; the KV 1s? — 1s3p and H-like S (SXVI) Ly-«a

lines lwester et al. 2012) and He-like CI (®V11) lines (Sylwester et al. 2011) in channel 3;

and SXV 1s% — 1s2s, 1s2p lines and H-like Si (SXIV) and He-like Si (Sixlil) lines and some

Si x11 dielectronic satellites (Sylwester etlal. 2012, 2013) iargtel 4. Further details about these

(2005).

lines including wavelengths are given in the papers citetiafable Il of Sylwester et ¢

Figure[2 shows the normalized X-ray light curves for the flarBHESS and GOES with
color codes for different energy bands (the t&OES bands and three selected from available
RHESS bands). The harder X-rays seen WRHESS peak early in the flare development, with
the 12 — 25 keV and 25 — 50 keV emission showing sharp impulsivsts at 22:24:42 UT and
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Fig. 1.— (Top left:) Averaged RESIK spectrum for the SOL2a0214T22:26 flare over the
period 22:22:45-22:53:31 UT (total exposure time 26.5 nasu Different colors are used for the
four RESIK channels. Principal line identifications of thaef features are given; the notation
used is for the He-like ions (KVIII , SXV, SiXIll) arew = 15215, — 1s2p ' Py, w3 = 15215, —
1s3plPy, w4 = 1s%1Sy — 1s4p ! P,. (Top right and lower panels:) Three representative spectr
taken during the rise (22:22:46-22:24:48 UT, upper rightmaximum (22:25:46-22:26:46 UT,
lower left ¢), and decay (22:34:06—22:36:36, lower rightphases of the flare, with integration
times 2, 1, and 2.5 minutes (the letters refer to the intershbwn in Figurél2). The pre-flare
spectrum is shown near the zero level of panellhe inclination of the dotted track linking the
S XV (5.04,&) and the hotter XvI (4.73,&) line features is an indication of the emitting plasma’s

changing temperature.
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Fig. 2.— NormalizedRHESS and GOES light curves for the SOL2002-11-14T22:26 flare. The
GOESfluxes in the 1 — & and 0.5 — 4A ranges are shown as black continuous and dashed lines
respectively. Th&HESS light curves are shown by colored lines: pink (6 — 12 keV)egr€l2 —

25 keV), and blue (25 — 50 keV). The key letters above eachsiniygdenote intervals over which
RESIK spectra were integrated for DEM analysis. The greyp stidicates a passage through a
polar van Allen radiation belt when the RESIK high-voltage=e turned off and no observations

were made.
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Fig. 3.— FourRHESS images of SOL2002-11-14T22:26 flare obtained with the PIX&db-
rithm in the energy range 6 — 7 keV. Times (UT) are indicatati@top of each panel. The top two
images were taken during hard X-ray impulsive emissionJdler left image at the soft X-ray
maximum, and the lower right image during the decay phase.cohtours are drawn at levels 0.5,
0.7 and 0.9 of the maximum intensity in each image. Solartrierat the top of each image, solar
east to the left; the (east—west) and (north—south) co-ordinates are in arcseconds. The dotted
grid lines show solar longitude and latitude3atintervals. The integration time for the last image
was 12 s, the first three images 4 s (i.e. one rotation oRthESS spacecraft). The low-intensity
feature to the south of the main feature in the last imagepsoicible and so is likely to be
real, but its weakness does not significantly add to the @rtassion. The extent of the main flare

emission at the 50% iso-contour level is approximately 5400
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22:25:27 UT, during the soft X-ray emission rise seen V@BMES. This figure also shows 19 time
intervals (marked by key lettersto s) over which RESIK spectra were integrated and used for
further analysis, in particular the inversion of line fluxesobtain differential emission measure
for which spectra of high statistical quality are necessérgtterse, g, andn in the panels of
Figurel1 refer to those shown in Figlide 2.) Figure 3 shBW&SS images of the flare, with the
upper two images were taken during the first and second hardigme X-ray peaks, the lower
two images during the soft X-ray maximum (22:26:48 UT) aneldlecay phase (22:28:52 UT).
The image reconstructions were performed using the PIXOMadeandRHESS grids 3, 4,

5, 6, 8, and 9; this was done for the 6 — 7 keV energy range, whiefffectively the lowest
accessible tRHESS and so is larger than the energy range of the RESIK specha3® keV).

In the analysis below, we are interested in Ri¢ESS image dimensions so the relative merits

of image construction routines are of some importance. § hes discussed by Dennis & Pernak

2009). The PIXON method is the only way to image extendedcgsun the presence of compact

sources, as in the case here, and there is much less bacétgrompared with the CLEAN
routine which is also available. There is the possibilitymfer-resolution” (i.e. the source size
is under-represented) with PIXON, but only if the total sibim the image exceeds 6000-7000
photon counts: in the case of the images shown in Figure 3pthesignal is slightly less than
2000 counts. The contours on the images in Figlire 3 are dralemeads 0.5, 0.7 and 0.9 of the
maximum emission in each image. Approximately 60 such imager the flare duration show
an additional weak feature to the south of the main structbre does not add to estimates of the

image extent which, at the 0.5 contour level, is almost @msdt 5400 km.

3. Spectral analysismethod

A commonly used method of deducing electron temperatuend volume emission measure

EM = [ NZ2dV for X-ray flare emission assumed to be isothermal uses thedtiocof theGOES



—-11 -

1-8A and 0.5-4.0A bands based on the work lof White et al. (2005). However, athésmal
assumption is not generally valid for the interpretatiorXefay spectra with many lines formed
over a broad temperature range, different temperatureg lwitained according to the flux

ratio of the lines chosen. More generally, the emission mreawithin intervals of temperature

is described by the differential emission measure, DEM IfWibe 1975; Levine & P e_19J80;
McTiernan et all. 1999; Landi & Chiuderi Drago 2008). Thus,da optically thin, multi-thermal

plasma such as the X-ray flare discussed here, the obserxefd fifieach line or spectral interval

i can be expressed as (Sylwester et al. 1980):

F=A [ fDeT)dr 1)

T=0
whereA,; represents the assumed abundance of an element congibutime flux of a particular
line or spectral interval. We assurde to be constant over emitting volumé while f;(7), the
emission function (more commonly known as tHgl") function for individual lines) is calculable
from atomic excitation theory for chosen spectral intesvalThe differential emission measure

functionp(T'), defined by

dv
DEM = o(T) = Nﬁd—T , (2)

may be determined by solving under certain conditions froenanalysis of a full system of

equations like Equatioi{(1) farspectral intervals. Although the problem is recognizedeasd

ill-conditioned (Craig & Brown 1976), methods of solutioxig that give solutions fop(7")

and their uncertainties that satisfy the input data to withthservational uncertainties and can

be ascribed physical meaning. Here, we followed the iteatiaximum-likelihood, Bayesian

routine called the Withbroe—Sylwester method and desdrdyeSylwester et all (1980). It has
been tested previously on synthetic spectra and assumedfidtions to see whether the DEMs

are recovered after the inversion (e.g. Sylwester lergdi998, 1999); Kepa eta}.(ZQOG)).
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Table 1: Wavelength bands used for studies of the elementaldances and DEM

No Range,{i] Main contributor (cont. = continuum)

1 3.480-3.630 cont. + KviIIl 2p+sat.

2 3.630-3.800 cont. + Axviil 2p, SXVI 4p, bp
3 3.900-4.060 cont. + Axvil 2p+sat, SXV 4p
4 4.120-4.230 cont. + 8V sat.

5 4.340-4.430 cont. + v 3p+sat

6 4.430-4.520 cont. + Gtvi 2p+sat

7 4.680-4.750 cont. + VI 2p, + SixXIv 8p
8 4.750-4.800 cont. + SdIv 6p

9 5.000-5.150 Xv 2p+sat + cont.

10 5.220-5.320 SXin 5p+sat. + cont.

11 5.320-5.470 SXin 4p+sat. + cont.

12 5.475-5.640 11 sat. + cont.

13 5.640-5.715 Sk 3p + cont.

14 5.715-5.850 11 sat. + cont.

15 5.900 - 5.950 continuum

The analysis proceeds in two steps. In the first (called Ally@ptimized values for the
abundances of elements that make large contributions tiniaéeatures in RESIK spectra are
found. We selected the input data which consisted of obddituges in 15 narrow spectral
intervals in RESIK spectra for each of the 19 time interval$o(s) shown in Figuré 2; most
include strong emission lines while a few are almost enticeintinuum radiation (the sum
of free—free and free—bound). The wavelength ranges ofntieevials and details of principal
emission features included (lines or continuum) are sgetifi Table€ L. The main lines are

those due to H-like or He-like Si, S, and Ar and associatekkdimnic satellite lines, with the
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He-like K lines generally appearing as weak (the He-likei@#$ are much weaker still and have
practically no effect on the analysis). In the table, we Umgertotation 2p” for the transition
152185, — 1s2p 1 P, in He-like ions and 2p” for Ly- «v in H-like ions; “sat.” for dielectronic satellite
lines; and “cont.” for continuum. We then applied the Withé+Sylwester DEM inversion method
to these input data to achieve an optimum fit between the wbdemd calculated fluxes. This
requires the evaluation of the emission functigng") for these intervals — lines plus continuum
or continuum alone — which can be calculated fromd¢ieAaNT! (v. 7.0) code. These depend
on temperature and element abundance (Equiation 1). Wetigatesl the effect of varying the
abundances of Si, S, Ar, and K. To do this, and to avoid a tioreseming calculation, we
pre-calculated a grid of theoretical spectra with tempeeatin the range 1-100 MK (101 steps
in equal intervals of log") and 21 values of the abundances of four elements (Si, S,nélr, a
K) ranging from zero to 16 times theHIANTI “coronal” value. With one exception, the other
element abundances, which affect the free—bound continlyawere kept at their coronal values

as specified iIrcHIANTI; the effect of varying these abundances is relatively mineee the

analysis of Phillips et all (2010). The exception is the edatrCl which has very low abundance;

for this we took our abundance estimatéCl) = 5.75 £+ 0.26 (from|Sylwester et al| (2011) based

on an isothermal analysis of GVl lines in RESIK channel 3). There are, as a result of this
calculation, 844 x 21) pre-calculated spectra for each of 101 temperatures iIRE®IK spectral

range (the spectral resolution was chosen to be 04001

With these calculated spectra, we ran the Withbroe-Sykvd3EM method on the input
data consisting of fluxes in the 15 narrow spectral intenthks DEM (p(7")) function varying
freely for each of the 21 abundance values for Si, S, Ar, andfter 1000 iterations, the value
of normalizedy? was obtained describing the difference between the mehsinefitted fluxes
in terms of measurement uncertainties (assuming Poigssatadistics of the photon counts).
Figurel4 shows examples for Si, S, Ar, and K for the 19 timeriratks (represented by curves with

different colors) and the spectrum averaged over all 19vate (black curve with dots). Clear
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minima in the value of¢?/min(x?) as a function of element abundance are apparent for Ar, S,
and Si; the K abundance is too small to have any effect on the\af x? below a threshold
corresponding to a potassium abundance(of of the hydrogen abundance. We interpret the
plots to mean that the abundance corresponding to the mimiimw? is the optimum one, i.e. for

which the agreement between the observed set of spectrasfand the theory is the best.

In Figure[% we plot derived optimum abundance values agémstfor Si, S, Ar, and K.

Uncertainties in the abundance determinations are agbtgaecorrespond to the abundance range

defined bymin(x?) + 1 (Bevington & Robinsan 2003). There is little evidence foné-changing

abundances apart from a slight tendency4¢$) to be a little smaller at earlier times. The
abundances (linearly averaged over the 19 time intervaig)ined are:A(K) = 6.51 + 0.46,
A(Ar) = 6.58 £ 0.11, A(S) = 6.94 £+ 0.06, and A(Si) = 7.56 &+ 0.08 (abundances are expressed
on a logarithmic scale withi(H) = 12). As a result, we assume from hereon that the Si, S, Ar,
and K abundances are time- and temperature-independégdsafor the flare considered here.
In future analysis, this assumption may be relaxed to addoupossible abundance differences

with temperature.

As indicated earlier, most of our previous analyses of REfike spectra were based
on an isothermal assumption, with the emitting temperaancemission measure taken from
GOES (T¢ors, EMgogs). For the Ar abundance, determined from the prominenXxt
lines in channel 2, a very tight distribution of observedrpeigiven by the &(T')” plot, i.e.

line flux divided by EMgors plotted againsi ¢ors, was obtained, resulting in an abundance

determination with small uncertaintyt(Ar) = 6.45 + 0.06 (Figure 2 of Sylwester et al. (2010a)).

This value is in close agreement with other determinatiomsfsolar proxies (e.g. H regions,
Jupiter’s atmosphere) and is considered by us to be faifipitlee. The value obtained in this
work is slightly higher. It also has larger uncertainty whigould indicateprima facie that for

this particular flare the isothermal abundance interpoatas more likely to be correct. But as
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value of x2, of the observed and theory fluxes for all 19 time intervalsrduthe flare (colored
to distinguish them: blue for rise phase spectra, red, @amggreen for decay phase) as a func-
tion of assumed element abundance for K, Ar, S and Si. The&llaove with dots is derived

from the average spectrum over the 19 time intervals. Theca¢dotted blue lines correspond

to the CHIANTI “coronal” abundance (Feldman 1992), and the dashed red {m&heCHIANTI

“photospheric” abundanceﬁ_(ASDJund_eM_aL_Z 009).
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indicated in Section 1, it appears, from the agreement obtiserved points with the calculated

G(T) plot shown by Sylwester et al. (2010a), that the charatietismperature of the plasma

emitting the ArXVIl lines is well described by the temperature estimated frartwo GOES
channels. We therefore interpret this to mean that the ésotal abundance determination is to

be preferred. For potassium, the estimated abundance fignork is a factor 4.5 higher than

that from our previous determinatiod (K) = 5.86 + 0.23: |Sylwester et al. (2010b)) assuming

isothermal emission and has larger uncertainty. The largeertainties again suggest that the
value from our earlier isothermal analysis to be preferted;similar temperature of formation
of the K XVIII lines to that of the AiXVII lines suggests that tH@OES temperature accurately

describes the KKVIII line emission also.

For the lower-temperature S ions (both H-like and He-likesiavere considered), the

isothermal analysis of RESIK spectralby Sylwester et allZX0vas not particularly satisfactory,

with large scatter of points on th&(7") plot, even though there are several strong lines with

which the analysis is possible. Sylwester etlal. (2012)rdeteed A(S) = 7.16 + 0.17, i.e.

higher than the presently determined valdé¢S) = 6.94 + 0.06) and with larger uncertainty. A
re-analysis of the SOL2002-11-14T22:26 flare spectra abonan isothermal assumption gives
A(S) = 7.1540.10 (SXV w and nearby lines at 5.08) and A(S) = 7.08 +0.18 (S XV w4 line at
4.08,&). Our interpretation here is that the less satisfactorgagent of the observed points with
the calculated-(7") function is due to the fact that theX3/ emission functions have characteristic
temperatures that are less than those derived from theafatiee GOES channels. In this case,

a DEM analysis of the emitting flare plasma gives a more rldiabundance determination. In
summary, our preferred value for the S abundance for this fsathe one determined in the

present analysis, vizA(S) = 6.94 £ 0.06.

The argument for the S abundance determination helidstiori for the Si abundance,

since the lines on which the determinations are principalde, He-like and H-like Si (Sxill
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and SiXIV), have lower characteristic temperatures than the S likesm an isothermal

assumption.(Sylwester et/al. 2013), we determidédi) = 7.89 £+ 0.13 (Si XllI lines), and

A(Si) = 7.93 £ 0.21 (Si XIV lines), both estimates being about a factor 2 more thaniisatsd
from the present work4(Si) = 7.56 &+ 0.08) and having larger uncertainties. In this case,

therefore, our preferred value for the Si abundance is teggoren by this analysis. (Note that for

comparison with recent abundance estimates for RS CVn moerder et al. 2013), values

of S and Si abundances were used from a DEM analysis of a fla2@@hDecember 26 with the

isothermal values of Ar and K for the same flare.)

An illustration of the foregoing argument with referencettie GG(7") functions for the
principal RESIK lines is provided by a plot that we constattbf RESIK andRHESS spectra
during a flare against photon energy together with a thexaletpectrum froncHIANTI calculated
with GOES values of temperature and emission measure estimated @tnghef the spectrum.

A very close agreement of tlr@HIANTI spectrum with the RESIK channels 1 and 2 spectra was
found. However, the temperature of thaIANTI spectrum was too low to describe tREIESS
spectrum but on the other hand too high to describe the RESktsum in channels 3 and 4. As
RESIK channels 1 and 2 include the AvII and KXVIII lines, it appears that these lines are well
described byGOEStemperature and emission measure but the S and Si lines itKRIB&nnels

3 and 4 are not; for these lines a lower-temperature compamareded to fit their fluxes.

With optimized averaged abundances for S and Si and theeiso#i abundance
determinations for Ar and K, the DEM distribution for the 1®¢ intervals of the flare could now

be calculated. Abundances of elements other than thesetakene from thecHIANTI “coronal”

abundances of Feldman ef al. (1992), except for Cl as alrdadgribed. With the ionization

fractions of Bryans et al. (2009), the Withbroe—Sylwestexcpdure was then used for the DEM

inversion, the convergence continuing until iteratiér000. The uncertainties of the inversion

were determined from 100 Monte Carlo runs, where the inpetfluxes for every time step were



—-18-—

— T4E 3
e E 3

5= —
2 = 3
3_53- ooooooo‘r o eceecccccee E
2 . J E
8—83'........ 00000000000 é
5 _E T _ 3 3
R e DA SRS | 651 =
2 gE- [ +- 046 _3
§ g ;;;;;;;;;;;;;;;;;;E;;"??”” ;;;!;;;;;”;;;;;;;;;; R R ;;;;;;;f g
T T I

4E E|

= 7.0; —f
o % o4 AT
S 6.6] foraforaadians o T . i """" Ll 658 =
= 6.4?"""0'”L"L”I”Eiiii """" I il """"""""""""""""""""" o1
E X 3

6.0E 3
R ~ S
% TO o e S E e e L R R R RRRRRREPSRRRREE & 6.94 —
et TooE T T - oo
< = -

6.6 3
El B2 e e =
= 8.0 SI =
[0} = |
2 78 —
é 7'6Li__§j* """ fo‘ii‘i‘!_ B A et Sttt ) N 75502 =
R = N TR e e T e e s - =

72E 3

22:20 22:30 22:40 22:50 23:00

Start Time (L4-Nov-02 22:14:41)

Fig. 5.— The time variations of derived absolute abundarid€ @r, S and Si. The abundances
were determined using the abundance—optimization (Abu&pgroach described in the text. The
error bars on abundance determination are based on thesresesented in Figuld 4 and cor-
respond to the range of values forin(x?) + 1.0. Thin black horizontal lines represent time
averaged values of elemental abundances together withRM error bands (dotted horizontal
lines). In the top panel, th&OES light curves integrated over the times of individual RESIK

spectra collection are shown. The horizontal blue dottedslicorrespond to “coronal” abun-

dances|(Feldman (1992)), while the dashed red lines camesto “photospheric” abundances
(Asplund et al.|(2009)).




—~19-—

randomly perturbed with corresponding statistical uraiettes. The evolutionary changes of
the DEM are indicated in the left and right panels of Fidurd'Ge left panel shows the DEM
distribution as a contour plot, while calculated DEMs faleséed times during the flare (intervals
a, g, 1, [, ¢ in Figure[2) are shown in the right panel. It is evident thatdibtimes the bulk of the
emitting plasma has a temperature3of 6 MK contributing to acooler component. Ahotter
component is present near the flare’s maximum phase withasnpe of~ 16 — 21 MK as

is clear from Figurél6, but the emission measure is alway®rti@n two orders of magnitude
smaller. For comparison, the temperature derived from therétio of the two bands dBOES,
assuming isothermal emission, is shown on this plot as theeauinning from top to bottom;
the GOES temperature is generally a little higher than the cooler ponent indicated by the
DEM analysis except at the flare peak when it does not quisnatie temperature of the hotter
component. The temperature of the cooler component is ped@newhat larger than that typical
of non-flaring regions, but theOES emission in the previouSORONAS-F spacecraft orbit (at
about the C1 level) indicates a temperature of about 5 MKflaat®n of the presence of several
non-flaring active regions on the Sun at the time. A DEM analgéthe RESIK emission during

the previous orbit in fact shows the bulk of the emission teetetemperature of 2.8 MK.

The total emission measures of the cooler and hotter conmpeivedicated in Figurg]6
(left panel) were evaluated and plotted in Figlure 7 (top Pariéde emission measures of both
components evolve with time, reaching a maximum in each ababout the time of th&OES
maximum emission (22:26 UT), with that of the cooler compurarger by a factor of about
100. The decrease of the emission measure of both compaseisiewhat faster than that of

E Mgors evaluated from the flux ratio of the tW8@OES bands.

The temperature of the cooler component is low enough thatublikely to contribute
significantly to the 6 — 7 keV emission seen in fRIIESS images shown in Figuild 3. If we

interpret theRHESS emission to be due mainly to the hotter component seen in REctra,
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Minutes into the event from [22:14:41 UT]
Log EM [cmK™]

6.4 6.8 7.2 6.4 6.8 7.2
Log Temperature [K] Log Temperature [K]

Fig. 6.— (Left:) Contour plot of the differential emissioneasure during the SOL2002-11-
14T22:26 flare, darker colors indicating greater emissi@asare. The horizontal scale is the
logarithm of temperature, and time increases upwards, unedsrom 22:14:41 UT. Horizontal
dotted lines define the time intervalsg, 7, [, andq (see Figur&€l2) and the smooth curve running
from top to bottom is the temperature derived from the rafithe two GOES channels on an
isothermal assumption. (Right:) Emission measure digiobs for the intervals indicated in the
left plot, derived from the Withbroe—Sylwester routine.rti@l error bars indicate uncertainties.
A cooler (temperature- 4 — 5 MK) component is present over all the time interval showrthwi

hotter component{ 18 MK) at the peak of th&sOES light curve.
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Fig. 7.— The time evolution of (top) the total emission measior the cooler " < 9 MK, in
black) and hotter{’ > 9 MK in red) plasma (the blue solid line is the emission meagtité;ors
from the flux ratio of theGOES bands); (center) electron densities derived from the eamss
measure of the hotter component and average size &HESS images; (bottom) thermal energy

E,,, defined by Equatioi]3) (the blue curveHs, as deduced froGOES).
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we may obtain densities and other information about thetfigpilasma. A series of approximately
60 RHESS 6 — 7 keV images of the (SOL2002-11-14T22:26) flare showstheimain emission
component is a confined feature likely to be located at th@t@small (few thousand km) loop.
The size of this component is constant to within 25% or so,ahdicated earlier at the 50%
iso-contour level the extent is about 5400 km. An assumedrggdi shape for this leads to a
volume of8.2 x 10%° cm?. Combined with the peak emission measure of the hotter coenio

(3 x 10*® cm~3), this gives an electron density, = 2.6 x 10'! cm~3. The detailed time variations

are indicated in Figurlel 7 (center panel). Estimates of tamthl energy.,,,

Top(T)dT
Eth ‘Nezconst: ?’]{;Bfg’#\/v (3)

[ e(T)dT
wherekp is Boltzmann’s constant, presented in Figure 7 (bottom Pasigow thatE;;, reaches
a maximum of~ 3 x 10% erg, rather typical for a medium-class flare such as the oderun

discussion.

4. Discussion and Conclusions

One of the primary intentions of this analysis of RESIK speeind other data for the
M1 flare under discussion has been to test a calculation gooedor obtaining differential
emission measure using spectral fluxes from the RESIK imstni onCORONAS-F. Data from
this well-calibrated instrument have been used in the madetive abundances of elements
whose lines occur in the RESIK X-ray range (3.4—3)1viz. Si, S, Ar, K, and CI. For flare
data we have previously used the approximation that thetiagnpplasma is isothermal with
temperature given by the flux ratio of the two band<G®ES. This appears to be a good
assumption for the case of Ar, K, and Cl abundance determoimgtwhich particularly in the

case of Ar have small uncertainties and agree well with ahooel determinations from other,
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unrelated, methods. Previous determinations of the Si amobuSdances from RESIK spectra
using the same procedure appear to be less accurate: thatestihave larger uncertainties,
and the characteristic temperatures of the emission fumsf H-like and He-like ions of these
elements are significantly less than that from the flux ratithe GOES bands. Here we use

a procedure (called AbuOpt) in which the abundances of SArSand K are first optimized
using the maximume-likelihood, Bayesian Withbroe—Syleestversion technique for obtaining
differential emission measure from line fluxes is used. ThihkbYoe—Sylwester routine was then
run with optimized abundances to obtain the time evolutioine DEM. The result (shown as a
time sequence in Figuté 6) is a DEM distribution with welfided cooler & 3 — 6 MK) and
hotter (16 — 21 MK) components. If the hotter component is assumed to desthie emission
seen byRHESS, the spatial dimensions combined with the total emissioasuee of the hotter
component lead to estimates of electron density and theemealyy. Compared with recent
estimates ofV, from extreme ultraviolet line ratios, these represent loliveits, but give an

indication of the physical characteristics of the flaringgrha.

Values of element abundances derived from both an isothessamption and from the
AbuOpt method described here were discusseiBinlt appears that our previous estimates
for Ar and K based on an isothermal assumption are relialaieinly smaller uncertainties,
and are preferred values, but for S and Si, the abundaneeatst from the present work —

A(S) = 6.94 £ 0.06 and A(Si) = 7.56 £ 0.08 — are to be preferred for the flare analyzed here.

Our Si abundance estimate is significantly lower than oumedés from an isothermal

analysis of RESIK flare spectra (Sylwester et al. 2013), di&i) = 7.93 £ 0.21 from the SiXIV

Ly-£ line at 5.217A and A(Si) = 7.89 + 0.13 from the SixIll w3 line at 5.688A. There are very

few determinations of the Si abundance from X-ray flare spebtat our values can be compared

with, the only reliable one being that lof Veck & Parkinson&19who used th€©30-8 graphite

crystal spectrometer to derivé(Si) = 7.737(32 from the SiXIll w3 line and7.627(33 from
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the SiXIV Ly-« line. An isothermal assumption was used, with the tempegatarived from

the slope of the nearby continuum which is evident in the spdom this instrument. Clearly,

our present estimates are nearer to the Veck & Parki [A@8ues than those from our

isothermal analysis. Photospheric abundance estlrna.mL(m_e_t_aH._ZOL 9) from 3-D and 1-D

LTE analyses, one with non-LTE corrections, git€Si) = 7.51 £ 0.04, so abundance estimates

from our present X-ray flare result and from thex®v result of Veck & Parkinson (1931) are not

significantly larger (factoit.12 + 0.2) than photospheric despite the enhancement expected from

the low FIP value for Si (8.15 eV); at any rate the enhancensdess than the factor 4 indicated

by|lFeldman et all (1992) and Feldman (1992).

The S abundance estimate obtained here is only 0.03 diffen@n the determination of

Veck & Parkinson|(1981) from th@S0-8 instrument: they gived(S) = 6.917)15 determined

from the intense XV w, y, z lines at~ 5 A Again, our result and the Veck & Parkinson (1981)

result are unexpected on the standard FIP picture for teimemt which has a FIP (10.4 eV)

marginally considered to be high (i.e. more than 10 eV). Repbotospheric estimates range

from A(S) = 7.12 4 0.03 (Asplund et all 2009) td.15 4 (0.01)ya % (0.05)ys: (Caffau et

2011). If the uncertainty estimates for all these detertiona are to be considered literally,
there would appear to be a slight inverse FIP effect for S,dwe flare abundance estimate is

0.6 + 0.1 times photospheric. An inverse FIP effect is difficult toorcile with theoretical models

(e.g..HéNoUX|(1998)) with the exception of that based ordposmotive forces associated with

propagating Alfvén waves proposed i 04, 200922. An inverse FIP effect, which

is observed in cool main sequence stars (Woodlet al.| 2012 passibly be explained by waves
propagating upwards from the chromosphere and reflectiok dawvn as opposed to propagating

downwards from the corona and reflecting back upwards.

Extreme-ultraviolet spectral lines observed by the Exgaritraviolet Imaging Spectrometer

(EIS) onHinode have recently been used to give Si/S abundance ratios wreaetjions and other
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non-flaring features from the intensity ratio of $i258.37A line to the SX 264.23A line. The

ratio was determined by Brooks & Warren (2011) to range fromt@ 4.1 (average 3.4) and by
Baker et A (2013) from 2.5 to 3 for an “anemone” active raghathin a coronal hole but up to

more than 4 for established active regions. The Si/S abudatio from the estimates given
here is4.165%, so on the basis of the EIS results is typical of an estatdisioéive region. The
2002 November 14 flare occurred in an active region that heehty appeared on the Sun’s
south-east limb, so its history is not well determined; akk @an say is that it was flare-prolific on

November 14, with a complex magnetic geometry.

The electron densities in this analysis are typical of thextemated from a combination of
image data and volume emission measures, but are less trwnftbom density-sensitive spectral
line ratios. These are in short supply in the X-ray regiort,ebaumber of FexXI lines in the
extreme ultraviolet spectrum seen with the Extreme UltiatiVariability Experiment (EVE)
instrument orSolar Dynamics Explorer have recently been identified, enabling electron density to

be found as a function of time in twWBOES class X fIaresiMiLLigan_e_tJL_ZQLZ). These indicate

densities of up td0'2 cm™3, a factor 5 higher than the M1.0 flare discussed here. Ounatts

of both N, and the thermal energy are thus likely to be lower limits wittdetermined filling

factors, perhaps of order 1/25.

We plan to use the AbuOpt approach together with the Withi@yeester DEM analysis
method to study element abundances and the thermodynafisegaral other flares observed by
RESIK to see whether the reduced Si and S abundances fouadtilehold, and whether any

variations in element abundance are related to flare claistats such aGOESclass.

We acknowledge financial support from the Polish Nationa& i@ Centre grant number
2011/01/B/ST9/05861 and the European Commissions grafieBB7-2013: eHEROES, Project
No. 284461. The data analysis was performed usingctheNTI atomic code, a collaborative

project involving George Mason University, University ofidfligan (USA) and University of
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