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ABSTRACT

The diagnostic use of the soft X-ray and EUV lines observed with the $ptaamics Observatory (SDO) Extreme ultraviolet
Variability Experiment (EVE) is discussed. We focus on all the flare lifeseoved in the 80-640 A range (mainly due toxkFe—
Fexxiv), showing their use to measure temperatures, emission measurgiiedeand chemical abundances. We discuss their iden-
tification at the EVE resolution, by using the latest atomic data, and by &ssg&ssible sources of blending, taking into account
higher-resolution solar spectra. We present observations of foasfland study in more detail the gradual phase peak of the 7 March
2012 X5.6 flare. Good agreement between observations and thefmynid in most cases, and the best lines for diagnostics are
recommended. We found reasonable densities-¢1dn 2 from Fexxi lines), but isothermal temperatures (12 MK) lower than those
estimated with GOES. We show that EVE can be used to measure relativengddabundance, and find photospheric afigom and
calciunyiron abundances. We also show that lines normally formed in the quieinSba low transition region such as O Il are the
best to study the impulsive phase.
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1. Introduction approximately 1 A and a nominal cadence of 10 seconds. The
. . MEGS-A (60-370 A) has been operating routinely, while the
The soft X-ray region of the spectrum (60160 A) contains tn\ﬁEGS-B channel (370-1060 A) hasfkered significant degra-

brightestn = 2 — n = 2 transitions from Fevim—Fexxm (the dati b 700 A and i I d for ob . |
flare lines). These transitions have been studied extdpdive ngggcae ove and Is normally used for observing at lower
¢ :

the laboratory (see, e.g. Kononov et al. 1976 and Strattah e
1984), partly because theyffer many line ratios that can be  The EVE spectrometer has a potential for a range of di-
used to measure electron densities. Accurate wavelength mggnostics, only some of which have been explored so far. For
surements are also from laboratory spectra, for exampla fréhe first time it is possible to study the evolution of flareshwi
Sugar & Rowan (1995) for lines from the ke—Fexxim ions. high cadence using the soft X-rays and EUV lines. For example
Kastner et al. (1974) [hereafter K74] reported the firstisol&hamberlin et al. (2012) studied the temperature evolstiun
spectra (taken in 1969 from OSO-5) and some identificationsdifferent types of flares. Petkaki et al. (2012) presented deletai
the 94-140 A wavelength region, where strong flare resonartddy of a small flare, producing electron temperatures fiwen
lines from a range of iron ions is present. These iron lines prsoft X-ray lines for the first time. Estimates of electrpr) siéns
vide a range of diagnostic possibilities, especially of suemg have also been made by Milligan et al. (2012b). Milligan et al
temperatures and densities of the flare plasma. Fawcett &Gow20122) pointed out the use of the free-free and free-boand ¢
(1975) later revised the Kastner et al. (1974) identificatjmnd tinua for diagnostics, while Hudson et al. (2011) pointetitbat
added several new ones. A good overview of the OSO-5 lindoPpler measurements are also possible.
the relevant atomic data and the diagnostic possibilitieaea- The main aim of this paper is to assess the possible diagnos-
suring electron densities is given by Mason et al. (1984). tic use of the soft X-ray and EUV flare lines in the EVE spectra,
Then = 2 —» n = 2 transitions from Fevii—Fexxm have mostly from Fexvin—Fexxiv, to measure temperatures, emis-
also been observed in spectra of active stars with the Egtresion measures (EM), densities, and chemical abundanceés. Th
Ultraviolet Explorer (EUVE) satellite, and have been used is done by discussing their identification at the EVE resotut
provide electron densities and temperatures as desciibpexkf using the latest atomic data, and by assessing possibleesour
ample in Del Zanna (1995), later summarised in Monsigno®f blending. The enhancements of the flare lines are large, bu
Fossi et al. (1996). Since 1999, the soft X-ray spectraloregiflare sizes are very small compared to the whole solar disk, so
has been observed with the Chandra Low Energy Transmissgfhancements in the EVE full-disk spectra are very smail, of
Grating (LETG). The flare lines are prominent in active staten of the order of 10-30% over the background (pre-flargyrsol
(see, e.g. Mewe et al. 2001). spectrum. It has been common practice in EVE flare studies to
The Solar Dynamics Observatory (SDO) Atmospherigubtract a p_re—flare spectrum, with the assumption thaﬁrnb_e I
Imaging Assembly (AIA, see Lemen et al. 2012) has bedliesent during the pre-flare phase would not change during th
producing stunning broad-band extreme-ultraviolet (Elng) flare. This is not a very good assumption if the lines of the pre
ages of the Sun since May 2010, while the Extreme ultravifare spectrum are not known, as discussed here.
let Variability Experiment (EVE) (Woods et al. 2012) has bee  One problem with the soft X-rays and EUV is that it is a very
producing spectra in the 60-1050 A range with a resolution ofowded spectral region, but we have not had solar spectha wi
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suficiently high resolution to study them in detail over the fulfractions, calculated under the assumption of ionizatiunld-
X-ray and EUV ranges. Significant advances in the EUV havaim.

been made recently thanks to the high-resolution Hinode EIS A major problem in the soft X-rays has been the lack of
spectra (see, e.g. the atlas of coronal lines in Del Zannad01 line identifications, in particular for the iron lines. Theeiti-

Within the soft X-rays, Manson (1972) [hereafter M72] profication of the iron soft X-rays1 = 4 — n = 3 transitions
vided an excellent list of calibrated soft X-ray irradianagb- Started with the pioneering work by Eif in the 1930s (see,
served in quiet and active (but not flaring) conditions in30e  €.9. Edén 1937 on Fe). Edlen’s work was extended to the iron
130 A range, at medium resolution (0.16-0.23 A). Excellerss 3P 4 (I =s,p.d,) levels by the fundamental laboratory work

sarosmentbetween t et Sur spaciu and the EVE (LUl oLl (1572) Fausatsplates hove heer bl
totype spectrum was found below 100 A (Del Zanna 2012 t}gns (including the strongest lines in the soft X-rays)éaeen

;—23 r']\gzzbggr']eéosng? d;’f:jjcfcgurr?h:b?\égei?gn’; V;?SS éiﬁg’raég esented in Del Zanna (2012b), where comparisons withr sola
b ySIS. 9 pectra were also given. The new identifications of the nia@s|

(1972.) [hereafter Be72] published a list of lines in the 686-3 have been made available via the CHIANTI v.7.1 release (Land
A region observed with high resolution (0.06 A); howeverlyon gy 5 2012). Despite these advances, a significant fraofitime
the strongest lines were listed, and the intensities wetealo X-ray lines are still unidentified.

ibrated. Malinovsky & Heroux (1973) [hereafter MH73] pre-
sented irradiances in the 50-300 A range with a medium resolu
tion (0.25 A); these, however, turned out to be incorrecéll-c 2. Observations and results
brated, as explained in Del Zanna (2012b). The MH73 spectrum

has been recalibrated and has been considered for the pre¥éhhave analysed several flares dfetient classes. Our prelim-
analysis. inary analysis used the publicly-available version 2 of BwE

. level 2 data products. Several discrepancies betweengpeedi

of Qgr%ﬁgeéa‘zgoglﬁrg svg;tthxt.r:gy:o;trexé?r)r/]?ngfl: d bbeyequnimgn!s,ac d observed line intensities were found in the 2012 observa

Nnedon = '3 transitions from Fem—Fexvi but almost no Qons. The same analysis has been later performed on_thewers

atomic data were available, for the fie—Fexiv ions. These 3 data, which overall show much better agreement with theory
' ’ The changes between version 2 and 3 are significant, with the

calculations turned out to be far more complex than antiegba . . ; . A
(as discussed in Del Zanna et al. 2012b), but have been dbrﬁ%dlances in several lines around 100 A decreased by about

within the UK-funded APAP network (O'Dwyer et al. 2012; 20%. and those of lines at longer wavelengths (around 580A)
Del Zanna et al. 2012b; Del Zanna & Storey 2012a; Del Zamq&crt_aased by about 50%. The version 2 cahbrapon incluaed c
et al. 2012a; Del Zanna & Storey 2012b; Liang et al. 2010). fgction factors for the wavelength-dependent instrumegrat
new calculation for Fevr has also been done (Liang et al. 2009fiation partly based on the 15 May 2010 rocket calibratioa.dat
Some of the new atomic data have been made available via Y#Sion 3 includes improved degradation corrections usiieg
CHIANTI v.7.1 release in Sept 2012 (Landi et al. 2012). We ug@!ly filter and CCD in-flight calibrations and also the adsfit

these CHIANTI data for the present analysis, including tre i of the results from another calibration rocket flight in 2011
' For each flare, we have measured the irradiances in a number

of lines and obtained light curves, used to then estimate fou
1 www.apap-network.org typical regions, a pre-flare, one during the impulsive phees,
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Fig. 2. EVE spectra (1®phot cnt? s bin™') during the pre-flare (black), impulsive phase peak (purple),grbpghase peak (red), and gradual
phase decline (blue) of the X5.6 class flare on 7 March 2012. The masraiod wavelengths (A) are indicated.

one during the gradual phase peak (maximunts@mission), 1982; Woodgate et al. 1983). These enhancements are thought
and one later on during the gradual phase decline. to be due to thermal and nonthermal excitation of the lines in

The strongest lines are visible even in C-class flares, #§ chromosphere by energetic electrons and particlestend t
shown in Petkaki et al. (2012). They allow estimates of tee-el Sequential heating and expanding of the chromosphere. What
tron temperature. However, to estimate densities, largéaXs EVE clearly shows (for the first time to our knowledge) is that
flares are better, since the density-sensitive lines ageweak. TR lines formed at higher temperatures show a progressively
We have analysed a few flares, but present in detail here ofipoother behaviour, with smaller increases. The chronesaph
the results pertaining to one of them, the largest flare obser hélium resonances lines also have a smoother behaviour.
by both MEGS-A and MEGS-B to date. It occurred on 7 March  The coronal lines formed around 1-2 MK mainly show small
2012. Itwas a large flare (X5.6) with an associated coronabmalecreases during the gradual phase, associated with the CME
ejection (CME). For this flare, we have also considered the irand the coronal dimmings. Many smaller flares do not show such
pulsive phase peak. decreases in the coronal lines, which normally do not shgw an

Some of the other flare spectra analysed are shown in gfeganges (see Appendix A). The flare lines behave as usul, wit
Appendix. They include the largest flare observed by EVE ontle highest temperature lines peaking first, and the loweslat
August 2011, an X6.9 class, and two smaller ones, an M5.4 cl@sogressively later times, a product of the cooling (Peiteakl.
on 6 Nov 2010, and an M2.0 class, on 12 June 2010. 2012).

Figure 1 shows the light curves of several EVE lines, or- The dashed lines in Fig. 1 indicate the four regions selected
dered by the approximate temperature of formation. It isrint (pre-flare, impulsive phase peak, gradual phase peak, aadd gr
esting to note the large increases (up to a factor of 2) in thal phase decline). For each region, an average spectruwbaas
low transition-region (TR) lines such asu@during the impul- tained. The four spectra are shown superimposed in Fig.ideAs
sive phase peaks (there were two for this flare). That TR lingsm a clear continuum enhancement, it is clear which limes a
show the impulsive phase very well was well-known from okenhanced during the flare. A summary of the main flare lines is
servations with the Solar Maximum Mission (SMM) satellitegiven in Table 1 (we only consider flare lines those formed/abo
For example, very good temporal (down to 1s) and spatial c&-MK). It is also clear that in the vast majority of cases the in
relation between the brightenings of TR lines and hard X-rayeases in the irradiances are not very large. These becaoicte m
emission was found (see, e.g. Cheng et al. 1981; Poland etsahaller for M- and C-class flares, hence a careful discussion
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the pre-flare spectrum is needed, to assess if some cordribut

EVE 7 Mar 2012 peak flare — v3 Fe XIX Log T [K]=6.95

to the increase could be caused by lines formed at lower tempe 0] 1. (1-6,108.36 A) (bl Fe XXI) 0.9x1,,=0.99
atures. ] 2: (1-7,101.55 A) (bl) 15,=0.33
2.5 3: (3-6,119.98 A) (bl unid.) 1,,=0.29

To assess how well the experimental intensities compare | A A R
with the predicted ones, we have subtracted the pre-flae spe o 204 6 (499101 4) weok (ol Fe XX) 0.7x15=0.12 .
trum from the peak flare spectrum, and obtained line irramian 5] s g:‘g,?éa_sé 2; ‘(bio\fgo_m
by removing a continuum emission. We then use the irrade&nce 2157
to produce emissivity ratio curves (introduced in Paperé| D 2 1 6
Zanna et al. 2004). These curves are obtained by dividing the 5 1,7 % ?:’
observed intensities of the lines with their predicted asiity :
as a function of the electron density, calculated at a fixed te 051
perature, and normalised to 1. The crossing (or small sprgad ]
around 1) of the curves indicates agreement between olaserve 0.0] : : : : : ,
and predicted line intensities. Significarfisets from unity in- 1.0 105 110 115 120 125 130

dicate disagreement which could be related to blends inlthe o
served emission lines, to calibration concerns with theenles

Log Ne [em™]

EVE 7 Mar 2012 peck flare — v3 Fe XX Log T [K]=7.00

A ! )
- (1-6,132.84 A) (bl Fe XXIll) 0.16xIp,=1.25

.. . . . e . 3.07]
emission, or to inaccuracies of the atomic emissivitie® @imis- ] ) (1-7121.85 &) 1,093 ;
Vi i I i i 4 3. (1-8,118.68 A) (bl Ni XXIV ?) 1,=0.86
sivity ratio curves relative to the main ke—Fexxu EVE lines 257 PR R g
are shown in Flg. 3. j 5: gs—wo,ms.ss.;&) lp=0.09
. . . . . ] 6: (2-9,110.63 A) weok 1,,=0.06 3
We now discuss the main flare lines, ion by ion. o 207 7: (1-3,567.87 ) 1,,=0.34
= 35 —8: (1-4,384.21 A) I,=0.14
; 8
= 1519
2.1. Fexv 3
= 12¢
. . . . () -
The main atomic data for this ion are from the UK RitfsiRAP 107 "%
work of Witthoeft et al. (2006). The Besm ion produces two os o
strong decays from the same upper level, at 93.92 and 103.94 A T *
The first is a much stronger line, so it is normally preferred 0.0 ] ' ' ' ' ' ‘
over the second one. The 93.92 A line, in quiet Sun (QS) condi- 100 105 110 115 120 125 130

tions, is blended with several transitions fromvae Feix, Fex,
Fexiv, as well as an unidentified line. A thorough discussion

EVE 7 Mar 2012

Log Ne [cm™]

peak flare — v3 Fe XXI Log T [K]=7.20

1

is presented in Del Zanna (2012b) and Del Zanna (2012a). The >, Y (7T R 2T e
only known line that can give a small contribution during adla b5 ] 3 25:1;’;;22%\;"( égw ‘Fe;;xz\g 0.15x1,,=0.39
is a newly identified Ferv line (Del Zanna 2012b). During the ] 5 (3-12.121.21 A) (b1) 1,,=0.09
gradual phase peak of a flare, up to about 10% of the observed S X gigﬂ33:33Al+‘2"i:70,ﬁ7z.2m oz /|
93.8 A intensity is due to an Fex 93.78 A line, which is strongly 2 : N-11,108.12 4) (bl Fe XIX) 0.1xl,=0.11
i L - e (1\13,91.27 A) weak (bl Fe XIX) 0.4xl,,50.

density-sensitive above ¥ocm (see below). 21sd, \

In normal QS conditions, EVE observes a strong line around 3 2, ’
103.6 A, which is a blend of many transitions. The brightest | 51017 ;5
is an Fax 103.58 A, followed by the 102.97, 103.16, 103.89, and ]
104.39 A lines. The first two are partly due to Xe at 102.91 057 ’
and 103.08 A, while the others are largely unidentified altih 001 o8
there are two significant Fen lines at 103.72 and 103.93 A, oo 105 110 s 1m0 1as 130
During the gradual phase the Fan 103.94 A line most likely Log Ne [em™?]
dominates the blend. EVE 7 Mar 2012 peok flare — v3  Fe XXIl Log T [K]=7.10

3.07]
1: (1-8,117.15 A) (bl Fe XXI) 0.7xl,=1.84

2.2 Fexx SE I vy Cved
The main atomic data for this ion are from Gu (2003). Theike PTY I e oy e
ion produces various lines in the EVE spectral range, with no 5
significant density diagnostics. The 108.35 A line is thersgest 21595
and best for EM analysis, but it is unfortunately blendechwit 2 1s .2
the Fexx1 108.12 A line and perhaps other lines as well. The 5 10912 s
intensity of the Feaxi line is, however, normally small, of the ]
order of 10%, and could, in principle, be estimated via a tinan 0.5 s
ing ratio with the 117.50 A line. However, this line is seugre ]
blended (actually it is mostly due to ken, see below). The best O

way to estimate the Bei line is, therefore, to use the strong
128.75 A line, although above ¥ cm3 the 108.12128.75 A

Log Ne [em™?]

ratio is slightly density sensitive. In the QS, EVE obseradise Fig. 3. Emissivity ratio curves relative to the main fie—Fexxn EVE

: - . ines during the gradual phase peak of the X-class flare on 7 March
at 108.21 A, a blend of two partly unidentified transitions 062012.|0b in?jicateg the obgerved Iiontensity iné1ghot o2 51, some-

served by M72 at 108.00 and 108.53 A. The firstis mostly due fes reduced by the amount indicated:; (bl) indicates a blend.
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Table 1. List of the main SDO EVE flare lines. ficult to measure. In QS conditions, EVE observes a strorg lin
at the same wavelength, 101.55 A. Del Zanna (2012b) identi-

lon Aobs A Transition Toax  Notes fied it as a strong Fe transition which increases significantly

> Nixxry 88.61 28 2p2Py , - 25 28 2Py 2 72 veryweak  With density; however, only about half of the observed istgn

Fexix 910 91013  Z&2p' 1D,-2s 25 Py 70 was accounted for. There is also a possibleakédransition at

Fexx 91.0 9127 A2 3Py-2520 %S 71 101.63 A. The 109.98 A line is weak and blended with the e

2Nixxm 921 91.869  52p2 3P, - 2525 3, 7.2 110.63 A.

Fexx 938  93.781  22p’2Ds;p-252¢ %P3, 7.0 The 111.69 A line is not very strong and is clearly blended in

Fexvim 93.8 93.923 22p° 2P3/2 -2s 2 281/2 6.9 bl Fexiv

the EVE spectra on its red wing, most probably with the strong

? Ni - . . . .
'FN'X’“ oro 995;8824 Z?;‘;F’z 22;215 w2 , 17'1 resonance Nixm 111.83 A line. It is dfficult to estimate the

exxl1 . . 1 -2S . . . . . . .
Fexvi 979 9825  Rop3sP23s's, 6.9 Ni xxm intensity, given that the other lines are much weaker;
Fexst 1006 100775  292p7Pup-2523 Py 7.1 however, simple emission measure estimates suggest that th
Fexix 1015 10155  Z52p* 3P, -2s 215 3P, 7.0 line could have an intensity comparable to thexieline (the
Fewa 1022 102217 28217 °P,- 2520 °S, 7.1 weak line around 92. A could also be due in part to thesi
Fexvin 103.9  103.948  22p° 2Py, - 25 218 %Sy, 6.9 . . .
Fexix 106.1 106317  22pt 3P - 25 215 3P, 70  weak 91.87 A line). In QS conditions, EVE observes a strong line at
Fexxi 108.3 108.118  2s2p? 3P, - 25 298 3P, 71 weak 111.5 A. Solar spectra show many lines, with the strongest at
Fexx 1083 108.355 Z2pf *P,-2525 °P, 7.0 stong 111.26,thenat 111.56 and 111.72 A. These lines are stillmi
Fexnx 1099 10095 gg 250 - ZSzili;F’le e weak tified, although some contribution comes from tworEgnes at

XX . . 3/2 - 3/2 . . . e
Foxix 1117 111605 220 %Py - 25 25 Py 70 weak 1'11.71 and 111.79 A. Behrmg' et al. (1972) |q§ntlf|ed the two
Ni xxm 1117 111.829 22 3P, - 25 28 3Dy 72 weak lines at 111.56 and 111.72 A with two Mgtransitions.
Fexx 113.3  113.349 g;ﬁ;ow 2s 2§ §D5/2 7.0 The 119.98 A line is weak, but appears to be unblended, al-
Fexxn 114.4 114.410 P“P3/2 - 25 2P “Ps3)2 7.1 : : : .
Foxxn 1160 116268  22p2Pus- 25 28 Sie 71 though a Skn 119.§2 A I|ne.|s expected to pr(_)V|d_e a.srr.lall
Fexx 1172 117154 22p?Pi,-2s29 2Py, 71 stong contribution. There is a weak line at 106.32 A which in prptei
Fexxi 117.2 11750  Zs2p? 3P, - 25 20 3P, 7.1 could dfer a way to measure densities; however, this line ap-
Ni xxv 117939 281S,-252p'Py 7.3 pears to be blended. There is also a weak line at 132.62 A which
Ni xxnt 117.918  232p° %Sy5-25 28 “Psp 7.0 is blended with the stronger kemr and Fexx lines (see below).

?Nixav 1185 118474  Z2p?Py,-2520 "Dz 7.1 veyweak |t5 intensity is approximately 5% the intensity of the umled

Fexx 1185 118.680  22p® Sy, - 25 21 4P, 70  stron . X . L
o 1200 116083 Zszr; e 2p">p;P R, ’ 108.35 A line. Finally, the 592.2 A is clearly visible in MEGS
. . - 2 . . . .
Fexxl 1213 121213 2920 3,%.25 25 %P, 71 weak B. W|th thg version 3 _EVE data,_excellent agreement Wllth the
Fexx 1218 121.845 Z2p° ;‘Sa/z -2s Zp; %P3, 7.0 strong other lines is found (with the version 2 data, the intensitths
Fexu 1238 123831 g; 22 gg o L e line was about 50% too low). In small flares, this line is bletd
o 1320 102800  fep 452 20 24 p 70 song with an Fexn 596.6 A identified by Del Zanna & Mason (2005).
. . 2 - 5/2 . . . .

Fexxm 1329 132906 ZlS - 28 2ptP, ! 7.2 strong In summary, the 108.35 A line is the recommended line because
Fexxu 1358 135791  Z2p2Py); - 25 2 2Dgn 7.1 strong of its strength (provided that the ker contribution is removed),
? Mnxxu 141090  28'S-2s 2p'Py 71 together with the much weaker 119.98 A line.
Fexxt 142.2 142144 2207 3P - 25 25 °D, 71 weak
Fexxi 142.2  142.281  22p? 3P - 2s 219 3D, 7.1 weak
Fexxi 145.6  145.732  22p? 3P, - 2s 219 3D3 7.1 weak 2.3. Fexx
Fexxn 156.0 156.019  22p2Ps, - 25 27 2Ds)p 7.1 bl
2 Nixxvi 165.377 1]?%335281/2 - 1§ 2P§P3/z 7.4 The main atomic data for this ion are from the UK RnisRAP
Foow 1920 192,008 &222211;21 % ggzﬁii 73 Drewy  Work of Witthoeft et al. (2007). The 121.85 A is the strongest
Fexxin 263.7 263765 XS, - 2s 2p3P; 72 blSx Fexx line, after the 132.84 A line (blended with ke, see be-
Caxvm 3022302190 g:zgz ﬁ ;gjﬁsm 7o by low). It is the best line to use for EM analyses, but it is dgar

XVI . . /2" 3/2 . v H B . - A B H O
Fexx 3843 384210 22 *Syp-29 25 Py, 70 bICw plended in its red wing with a weaker line, which is 'also vis-
Ar xvi 389.1  389.136 g;ﬁm - 152522D;3P%/2 70 bl Fexvn ible in the QS EVE spectra around 122.5 A. Behring et al.
Fexx 567.8 567.867 %/2 -252 D5/2 7.0 bl Nev H s H H H
Foxx 5922 502236  Zp %P, - 2¢ 25 ', 70 blFac (1972) reports an unidentified line at 122.72 A. If this linerev

due to Nev, it would increase during the impulsive phase. The

; 21.85 A line is blended with a weak kei line (see below) in
Notes. Agps and A (A) are the measured (by EVE) and experlmenta]r . . L .
wavelengths, T (in logarithm) the approximate temperature of forJt blué wing. The third strongest ke line is at 118.68 A. This

mation of the ion in equilibrium; bl means the line is blended. line is clearly blended. One possibility in principle woldd the
Ni xxiv 118.47 A line. However, this line has a predicted inten-
sity similar to the Nikxiv line at 88.61 A, a line that is within the
noise level, so the 118.47 A line should also be very weakr@he
Fevmn 108.08 A and several Ba transitions, while the secondis also a further blend in the blue wing of the 118.68 A line.
is possibly partly due to a Ber transition (Del Zanna 2012b). The Fexx lines dfer, in principle, the possibility of mea-
The 91.01 A line is weak and contributes less than half §ring electron densities above't@m3, with the well-known
the observed flare line around 91.0 A. In QS conditions, thetd0.63121.85 A ratio. The 110.63 A line is however weak, and
are several transitions from keFexi, and Fexn around 91.0 A, the 113.35 A line (also weak) is a better density diagnostic,
as shown in Del Zanna (2012b). In AR conditions, there am@ aldicating 13> cm3. The 93.78 A line is blending the stronger
at least contributions from Fen, Fexvi, and Ovi. These tran- Fexvm line. This line is strongly density-sensitive above'10
sitions increase with density. The & 101.55 A line is located cm 3, and to estimate its intensity the best solution is to casid
in the blue wing of the stronger ker 102.22 A, and so is dif- the ratio with the 110.63 A line.
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Two further lines are observed in MEGS-B, at 384.2 antf17.27 is blended with the much strongerxke 117.15 A line.
567.85 A. With the EVE version 2 data, the 384.2 A line inThe 97.87 A is very weak and possibly blended with ax e
tensity is in good agreement with theory, but with the verso |ine. There is a weak Fex line at 97.86 A that is strongly
calibration its intensity is about 50% too high. The 384.4rf| density-sensitive, however EVE spectra show the preseihae o
is blended with two Gv transitions at 384.03 and 384.18 A andyroad line around 98.0 A, which behaves like the coolexre
a Mnxv 384.74 A. The Gv lines are expected to have an entines. Del Zanna & Ishikawa (2009) identified ans&a line at
hancement during the impulsive phase, but they are intaflgi  98.25 A. It is dificult to assess the intensity of this line, given
very weak, so the Fex should dominate the blend. With thethe lack of clearly resolved Bem lines.

EVE version 2 data, the intensity of the 567.85 A line was abou | summary, the best diagnostic is the 143128.75 A ra-
50% too low. Very good agreement with the other lines is foungy considering the diculty in measuring the 121.21 A line. The
when the version 3 calibration is used instead. The 567.85ax; lines are sensitive to a wide range of densities, and indi-
line offers a good density diagnostic, although it is blended wittyte a value of about 18 cm3. However, as in previous cases,
a Nev 568.42 A line, which most likely will have an enhanceall the weak lines are blended with unidentified lines, hearoe
ment during the impulsive phase. During the gradual phaak, pedensities obtained should be regarded as upper limits.i®2esp
the Fexx line should dominate, and indeed the emissivity ratighat, the measured densities are somewhat small for suchea la
curve is consistent with densities of the order of*1@m 2. flare. For EM analysis, the best line is the 128.75 A, although
as Fig. 3 shows, this line has an emissivity that decreassseab
10> cm3, hence such densities (or higher) should be taken
into account when calculating the line emissivity for EM gna
The main atomic data for this ion are from Badnell & Bri  Ses, for example.

(2001). The Feax1 ion offers excellent density diagnostics, as

described in Mason et al. (1979). By far the strongest ttiamsi 2.5 Fexxi

from this ion is the 128.75 A line. It is the only clearly obger

able line that is a decay to the ground state. In the MH73 quiBhe main atomic data for this ion are from Badnell et al. (9001
Sun spectra there are only few weak lines at 128.49, 128.6%e Fexxn ion has two strong decays to the ground, at 117.15
128.92, and 129.22 A, so the k& line should be relatively free and 135.79 A. The first line is blended in flare spectra with
of blends. The 102.22 A line is the second strongest line, boexxt. In its red wing, the line is expected to be blended with
with an intensity only about 30% the 128.75 A line. In the Q#e Nixxv 117.94 A resonance line. The ka1 135.79 A line is
spectra, there is a relatively strong line at 102.12 A, aneaker relatively free of blends because it falls in a spectraloegihere
one at 102.44 A. There is a host of £eFexi, Fexvi, and Ovin  there are no strong lines in QS spectra. Thex#el135.79 A'is,
lines at these wavelengths, which partly account for thentesl  therefore, the recommended line for EM analysis.

lines (Del Zanna 2012b). Above 16G° cm 23, the 114.41 A line becomes visible and

Above 10° cm3, the 108.12128.75 A ratio becomes in principle could provide a way to measure densities in demb
slightly density sensitive; however, the main diagnostie$ are nation with the 135.79 A line, although the sensitivity is ag
the 121.21 and 145.73 Alines, although these two are verkwegood as in the Fexi case. Also, the 114.41 A line is clearly
The first is in the blue wing of the stronger £e121.84 A line blended on its blue side with a line around 113.8 A that in-
in flare spectra. In the MH73 quiet Sun spectrum, there are twreases its intensity during flares. Mason et al. (1984)tifiet
weak lines at 121.13 and 121.41 A; the second is possibly dibe 156.0 A line as due to Fkau. This line would be a better den-
to a 3d-4p Feu transition. Del Zanna (2012b) suggested a posity diagnostic, but appears to be blended, because itgesvi
sible diferent identification for this line, but if the 121.41 A linea very high density. In QS spectra, there are two well-known
were the Fau transition, then it would increase at high densitiestrong Fex 3d—4f transitions (see O’Dwyer et al. 2012 for a list
The second line at 145.73 A should provide the best density &nd the relevant atomic data), at 113.79 and 114.02 A (btende
agnostic for EVE, according to Milligan et al. (2012b). Thiee  With an Fex 114.08, (Del Zanna 2012b)), plus a very weak one
is however clearly blended on the blue side in EVE spectra. & 114.11 A. However, at flare densities of16m™3, the inten-
guiet Sun MH73 spectra, there is a strong line at the same-wasity of this last line increases, becoming about 20% thensitg
length, 145.73 A, plus two weak lines at 145.59 and 146.11 Af the other two lines.

The first line is probably due to a Nitransition at 145.733 A,

as will be discussed in a separate paper, while the othertevo 3 6. Fe xxii

unidentified. We note that Kastner et al. (1974) reportedwewa

length of 145.66&0.05 A, while Sugar & Rowan (1995) mea-The main atomic data for this ion are from Chidichimo et al.
sured 145.733 A, but noted that thex&e line was blended with (2005). The Faxm 132.906 A resonance line is blended with the
Ni x. One additional problem with the 145.73 A line is that thi§exx 132.84 A transition, the strongest line from&e During
line does not always vary with time as anx&eline. the gradual phase decline, the contribution of thexFe the

There is also a self-blend of Ker lines at 142.14 and blend increases. The ke 132.84 Aline is a straight decay to the
142.28 A, but the ratio with the 128.75 A line is only sensiground state, and its intensity can be estimated from tleasity
tive at densities greater than’2@m 3, as shown in Fig. 3. The of the other decay to the ground at 121.84 A. This ratio is not
self-blend is located in a region where in the QS there arg ordensity sensitive, and its value mainly depends on the acgur
weak lines. In the MH73 spectrum, we measured three linesadtthe excitation cross sections for the two upper levelshso
141.85, 142.23, and 142.65 A, the last one due te.Behring Fexxm can be deblended quite accurately.
et al. (1972) reports instead a line at 142.02 A. The otheixFe The Fexxm intercombination line at 263.7 A is observed by
lines are either blended or not useful to measure densitles. MEGS-A. This line, at the EVE resolution, is close to the stro

2.4. Fexx
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Fexvi 263.0 A and Ferv 264.8 A lines, and it is diicult to fit.  389.81. For the gradual phase peak, the increases in beth lin
The Fexxm 263.7 A line is blended with $264.2 A, a coronal are, however, expected to be mainly due toohr

line not expected to vary significantly during the flare. The r The observed intensity of the Kivi resonance line at
tio of the resonance and intercombination lines is, in ppiiec 16537 A is stronger than predicted from the EM modelling,
an excellent temperature diagnostics, as discussed in@®el& assuming that the Beav emission is correct (see below). This
etal. (2005); however, the temperatures obtained fronrétis  could be due to a blending or to the presence of a hotter compo-
are too low. With the EVE version 2 calibration, a large dé®er nent. Finally, there are still several weak unidentifiedeflimes
ancy in the observed vs. predicted 13268.7 A ratio is present. in the EVE spectra.

The new version 3 calibration reduces the intensity of tlsere

nance 132.9 A line by over 30%. Agreement with theory would L

be obtained by further reducing the 263.7 A line by about 30%:%- T€mperatures, emission measures, and abundances

It is, therefore, recommended that the resonance 132.9%%kn

used for emission measure analysis.

2.7. Fe xxiv

The EVE instrument observes the importantxke 192 and
255.1 A doublet. These lines are clearly visible only in éarg

flares, because they are normally severely blended, assdisdu 5 36E
in Del Zanna et al. (2011). For large flares, thexke is ex- 1ot :
pected to dominate. The Gar 192.9 A resonance lineisonthe X s
blue-wing of the Faxiv 192 A and has been removed by fit- \é: 35E

ting. The 192 A line also has residual contamination fronxiFe
and Ov, but it is expected to be negligible for large flares dur- -
ing the gradual phase peak. The 255.1 A line is blended with 34 F
various transitions, the main one beingxve at 254.8 A. The i
Fexvn 254.8 A is, however, expected to be weak since theviie
204.7 Ais not normally visible. These two lines are the syest
Fexvn lines in the EVE spectral range (Del Zanna & Ishikawa
20009).

The CHIANTI atomic data for this ion are partly from l_:ig. 4. EM I_oci curves for the peak flare spectrum and a selection of
Berrington & Tully (1997). Liang & Badnell (2011) recentlgp  Ines- Iron lines T.romh':evm @, Fle.m @), Fex"h(3)’ Fek’]"“ (4), and
formed a larger R-matrix calculation for this ion, as partrg ot (5) are solid, the two Fean lines dot-dash, and the two kerv

N lines triple dot-dash. The Gam 302.2 A line is thick solid red. The
APAP-network work. Here we have used the Liang & Badn ;
A ¢ : o Arxvi lines are dashed blue.
(2011) data, noting however that for the doublet littifeliences
in the absolute and relative intensities are present whem co

Fe XXIV

5] 10 15 20
Temperature (MK)

pared to the previous ion model. In fact, the CHIANT | x&xev In order to have an estimate of the temperature, EM, and
192/ 255.1 A predicted ratio is 1.85 (photons) while the Liangelative abundances for the gradual phase peak, we stadrby ¢
& Badnell (2011) ratio is 1.9. sidering the EM loci curves (see Del Zanna et al. 2002 for an

The EVE version 3 calibration increases the intensities 8kplanation of the method). They have been obtained with the
these lines by about 20%. The observed ratio for the 7 Mar 20Asplund et al. (2009) photospheric abundances, and arershow
gradua| phase peak is 1.5 with version 3 and 1.6 with VersiﬂhFlg. 4. First, itis Interestlng to notice that the.CUrvemtlve
2, i.e. not far from the expected ratio (assuming Opt|cd“y|t tO Fexvin—Fexxiv all |n-tersect around 12 MK, with the excep-
emission)_ The ratio can be brought into agreement by regucitl()ﬂ of the two Fexxm lines, shown as dot-dash. This would be

the 255 A irradiance by 30%. Itis recommended that the sepndOnSistent with a near-isothermal plasma at 12 MK. The élscr
192 A line be used for emission measure analysis. ancy between the Bean and Fexxiv lines was quite significant

when the version 2 data were used. With the version 3 calibra-
tion, there is only a 30% disagreement between the two reso-
2.8. Other lines nance lines (Fexiv 192.0 A and Faxm 132.9 A).

Second, we note that the curves pertaining to then@a

There are a number of keu lines that could, in principle, be 29 A resonance line and the two sAn lines are in qood
observed, as discussed in Del Zanna & Ishikawa (2009); hO%/Q X L . . 900
greement (within a relative 30%) with those from the iromsio

ever, they all turn out to be too weak to be observed with EVm‘dicatin hotospheric abundances. This is an imporeslt
The resonance line from Gam at 302.2 A is clearly observed gp P : b \

i ) : ; , We note that argon is a high first ionisation potential (FIP) e
in the blue-wing of the He 304 A. Itis blended with a Nirv  ement, while iron is a low FIP, so the inamgon relative abun-

302.27 A. However, during the gradual phase peak of flares, #lance can be used as a proxy to estimate the elemental abun-

Caxvm line is expected to dominate the blend. dances, one of the many unsettled issues in solar flare shysic
There are two Akvi lines that can be used to estimate the The discrepancy in the Beum lines is reflected in the

argorjiron abundance during flares. The 353.92A line is blendegbthermal temperatures that can be obtained from EVE #ine r

with a density-sensitive Bev 353.83 A line, and the 389.14 A tios. As Fig. 4 shows, if the Fexmn lines are used in conjunc-

is blended with an Fevi 389.11 A line (Del Zanna & Ishikawa tion with Fexvir—Fexxu lines, they provide higher temperatures

2009), and on the red wing by another line, possiblki@€rat (where the curves cross) than those obtained with all theroth
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/ Mar 2012 X5.6 flare
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00:30 00:45 01:00 Fig.5. Isothermal temperatures for the
X-class flare on 7 March 2012, obtained
from three EVE line ratios and from
GOES (scaled by a factor of two).
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lines. If the Fexxiv and Fexxm lines are used, lower tempera-3. Conclusions

tures gre found. _ ) ) The calibrated EVE irradiances have allowed us, for the first
To illustrate that these discrepancies do not ocpuronlmgur time since OSO-5, to assess the atomic data using solar ob-
the gradual phase peak, we have calculated the isothermal tgqrations. Good overall agreement between predicted nd o
perature for a few lines ratios. We have subtracted the peeflagyed Jine ratios is found once all the blends are takendoto
iradiances before taking the ratios, and calculated teerdti-  .,ynt This provides confidence in the reliability of theraio
cal ratios assuming ionization equilibrium as usual. Theilte 513 However, the benchmark and comparison with quiet Sun
for three line ratios are shown in Fig. 5. If the Ben and Fexxi  gpecira has clearly shown that more work is needed to provide
lines are considered, for example, the peak isothermaléemp,iomic data and identifications in the soft X-rays, givert tha
ature reaches 15 MK. However, if ken and Fex lines are n mper of lines that potentially blend the EVE flare lines are
considered (for example), the peak isothermal temperasurestj)| unidentified. Despite this, we have clearly shown tBSE
slightly lower, about 13 MK. The Fexiv vs. Fexx ratio indi- a5 5 great potential to measure electron temperaturesiisd e
cates reasonable agreement with thevfrevs. Fexx ratio. sion measures at very high temporal cadence. The lines rec-
We note that isothermal temperatures obtained from tbhenmended for temperature and EM analyses arewvkie(de-
GOES X-ray fluxes are much higher, reaching temperaturgignded) 93.92 A, Fex (deblended) 108.35 A, Fex 121.85 A,
above 20 MK. Figure 5 shows the isothermal temperatures qfexx: 128.75 A (below 185 cm3), Fexxn 135.79 A, Fexm
tained from GOES using CHIANTI v.7 atomic data and photqdeblended) 132.91 A, and kerv 192.0 A.
spheric abundances (White et al. 2005), scaled down by arfacto Measurements of electron densities are mofgcdit, but
of two. there are several potential diagnostic possibilitiesedsending
We also note that higher temperatures would be expectedasid calibration issues are sorted out. Currently, the baghds-
the basis of the Feldman et al. (1996) study, although it aspetic ratio is the Fexxi 145.73128.75 A, although measurements
(H. Hudson, priv. comm.) that flares of this last solar maximu are limited to large flares.
might have lower temperatures than those of previous cycles We have also found that it is possible to estimate the rela-
The other flares we analysed show a similar behaviour, witkie argoriiron and calciunfiron abundances during the gradual
the diferences between the EVE and GOES isothermal tempphase peak of a flare, using the At and Cavin lines. These
atures decreasing for smaller flares. Good agreement betwaee important diagnostics. The X5.6 flare showed photogpher
the EVE temperatures and those from GOES was indeed fowatmindances, and relatively low electron densities and eemp
for a C-class flare (Petkaki et al. 2012). The GOES satebites tures.
broad-band instruments, so they are expected to be dordibgte ~ The new version 3 EVE calibration removed all the main dis-
continuum emission, especially in large flares where it @&m crepancies between observation and theory, although atiléw s
that continuum emission increases significantly. It isef@e remain and will need to be investigated further. Understand
possible that the GOES temperatures are higher because ofttle discrepancies between the EVE and GOES isothermal tem-
continuum. Given the nature of large flares, where sevefal dperatures is beyond the scope of this paper, and a full aralys
ferent structures contribute to the emission, it would bieimad is left to a future paper. During the impulsive phase, depast
to expect a multi-thermal distribution of temperaturespagd) from ionization equilibrium could occur. However, duriniget
bility that will be explored in a separate paper, where lind a gradual phase, when densities are high, equilibrium shuooild]
continuum emission of étierent flares will be combined. as commonly assumed in most analyses. It is therefore pessib
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that the GOES isothermal temperatures are biased by thim€ontonsignori Fossi, B. C., Landini, M., Del Zanna, G., & Bowy&. 1996, ApJ,

uum emission, or that additional high-temperature emisgo _ 466, 427

observed by GOES and not EVE. O?Avgf%; ieéIZZanna, G., Badnell, N. R., Mason, H. E., & &g P. J. 2012,
_ Above all, the great potential of the EVE spectra is the poggaki, p., Del zanna, G., Mason, H. E., & Bradshaw, S. 2882, 547, A25

sibility of measuring with high temporal cadence the evolut poland, A. I., Frost, K. J., Woodgate, B. E., et al. 1982, Bbys., 78, 201

of lines formed at diferent temperatures. We have clearly seesiratton, B. C., Moos, H. W., & Finkenthal, M. 1984, ApJ, 2£81

that lines normally formed in the quiet Sun in the low traiosit Sugar, J. & Rowan, W. L. 1995, Optical Society of America Jalii Optical

. . . Physics, 12, 1403
region such as @ are the best to study the impulsive phase. White, S. M., Thomas, R. J., & Schwartz, R. A. 2005, Sol. Phya7, 231
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Appendix A: Other flares

Fig.A.1. Light curves of several EVE lines duginglth_e X6.9 class flargig. A 2. EVE spectra during the pre-flare (black), gradual phase peak
on 9 August 2011. Irradiances are iffhot cm? s, time in UT. The  (red), and gradual phase decline (blue) of the X6.9 class flare on 9
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On 9 August 2011, the Sun produced the largest flare ob-
served by EVE, an X6.9 class; MEGS-B did not observe this
flare. Figure A.1 shows the light curves, while Fig. A.2 shows
the spectra. Figures A.3 and A.4 show the light curves and the
spectra of the 6 Nov 2010 M5.4 class flare. Figures A.5 and A.6
show the light curves and the spectra of the smaller M2.Gsclas
flare on 12 June 2010.
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6 Nov 2010
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Fig. A.3. Light curves of several EVE lines during the M5.4 class flare g o,
of the 6th Nov 2010. Irradiances are in®lghot cnt? s71, time in UT. 138 140 142 144 146 148
The dashed lines indicate the three regions selected (pre-flare, gradua Wavelength (A)

phase peak and gradual phase decline).
Fig. A.4. EVE spectra during the pre-flare (black), gradual phase peak
(red), and gradual phase decline (blue) of the M5.4 class flare av6 N
2010.
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12 Jun 2010
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Fig. A.5. Light curves of several EVE lines during the M2.0 class flare ¢,
on 12 June 2010. Irradiances are irf pbot cnt? s%, time in UT. The 138 140 142 144 146 148
dashed lines indicate the three regions selected (pre-flare, gradsal ph Wovelength (A)

peak, and gradual phase decline).
Fig. A.6. EVE spectra during the pre-flare (black), gradual phase peak

(red), and gradual phase decline (blue) of the M2.0 class flare on 12
June 2010.
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