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ABSTRACT

We present simultaneous SDO AIA and Hinode EIS observations of theones of active regions (ARs) and assess the dominant
contributions to the AIA EUV bands, extending our previous work. We fijodd agreement between SDO AIA, EVE and EIS
observations, using our new EIS calibration and the latest EVE v.3 datdind/that all the AlA bands are multi-thermal, with the
exception of the 171 and 335 A, and provide ways to roughly estimate timeamatributions directly from the AIA data. We present
and discuss new atomic data for the AIA bands, showing that they aresufieiently complete to obtain temperature information
in the cores of ARs, with the exception of the 211 A band. We found that éladyridentified Fexv 93.61A line is the dominant
contribution to the 94 A band, whenever Fen is not present. Three methods to estimate thevikeemission in this band are
presented, two using EIS and one directly from the AIA dataxviie emission is often present in the cores, but we found cases
where it is formed at 3 MK and not 7 MK, the temperature of peak ion dance in equilibrium. The best EIS lines for elemental
abundance anBEM analysis are discussed. A new set of abundances for many elemeptstained from EIS observations of hot

3 MK loops. The abundances of the elements with low First lonisation Pdt¢RtR), relative to those of the high-FIP elements,
are found enhanced by about a factor of three, compared to thesphetic values. A measurement of the path length implies that
the absolute abundances of the low-FIP elements are higher than thegieio values by at least a factor of three. We present
a new diferential emission measur®EM) method customised for the AIA bands, to study the thermal structureRsf & 1’
resolution. It was tested on a few ARs, including one observed duringit@rocket flight. We found excellent agreement between
predicted and observed AIA count rates and EIS radiances. We fowerall little diferences in the AIA and Hi-C 193 A images of
coronal structures, despite the higher Hi-C resolution (0.2Zbhe Hi-C images and the AI®EM modelling suggest that some of
the cooler loops (below 1 MK) are already resolved by AlA, while the hdtte&s5—2.5 MK) ‘background’ emission is in most places
still unresolved even at the Hi-C resolution. This unresolved emissionngisantly lower than previously observed with TRACE
and the SOHO CDS and Hinode EIS spectrometers. Its enhancemeiarrsypp be mostly due to increased iron abundance. We find
an ubiquitous presence of emission dfetient temperatures that is not co-spatial, and suggest that futuredsiglution imaging is
done with isothermal bands.
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1. Introduction 2011b). We have also recently provided an in-flight calibrat

for EIS (Del Zanna 2013). These spectrometers have great tem
Understanding the thermal structure of the coronal emmssio perature resolution but poor spatial (CDS: 4-5IS: 3-4’) and
solar active regions (ARs) is a key element for our undedstanemporal resolution.

ing of the physical mechanisms responsible for their hgatin  |maging from TRACE had excellent spatial resolution (about
Observational and theoretical aspects have been debated f@) put limited temperature resolution, and significant stray
very long time. For recent reviews, see e.qg. Klimchuk _(201%ht. The Atmospheric Imaging Assembly (AIA, see Lemen
and Reale (2010). This paper focuses on a few observatisnalg al. 2012) on-board the Solar Dynamic Observatory (SDO),
pects, combining the latest imaging and spectroscopicredse |aunched in 2010, has been observing, for the first time rou-
tions with atomic data and modelling. tinely, the solar corona at high resolution (abotf) and 12s
Most of the observational facts about active regions hagadence with six EUV bands. These observations allow i prin
been known from the 1970s thanks to the Skylab obserwple the study of the thermal structure of active regionisiglh
tions. Key observations were made even before though, frepatial resolution. Another significant advance compaogquie-
the ground. Many important aspects have been found from lawous instruments is the low stray light, which has beenmége
missions such as SMM, Yohkoh, SOHO, TRACE, Hinode. Thessessed by Poduval et al. (2013).
SOHO Coronal Diagnostic Spectrometer (CDS) provided since The highest-resolution images (about 0'R%f the solar
1996, for the first time routinely, spatially resolved mohime corona have recently been taken with an excellent rockettflig
matic images of active regions over a wide temperature rangarrying a telescope with a broad band similar to the AIA 193 A
The instrument was carefully calibrated in-flight (see Dahda one (Cirtain et al. 2013). These images provide importaotin
et al. 2010a). The Hinode EUV Imaging Spectrometer (El®)ation on the small-scale structures in ARs.
with its two channels (SW: 166-212 A; LW: 245-291 A) has Active regions are notoriously bright in the X-rays in their
provided since 2006 AR observations in a wide range of teroeres. The Skylab X-ray imaging suggested that the lontipas
peratures (from e.g. all the iron ionisation stages fromiF® ‘hot’ core loops in quiescent ARs are approximately isatiedr
Fexvi) and above 10 MK (from Fexmt and Fexxiv, as presented around 3 MK (Rosner et al. 1978), a puzzling feature. Later
in detail in Del Zanna 2009a, 2012b, 2008; Del Zanna et apectroscopic measurements in the X-rays from SMBA6 con-
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firmed that most active region cores were nearly isotheratal,et al. 2007). Our results have so far been largely confirmed by
least in the sense that very little material at temperatabese Hinode EIS and SDO AIA observations. For a few examples,
3 MK is present (see, e.g. Schmelz et al. 1996). EUV spesee e.g. Warren et al. (2008); Tripathi et al. (2009); Asciden
troscopy with SOHO CDS also confirmed this (Del Zanna & Boerner (2011); Schmelz et al. (2013), although some loops
Mason 2003). For simplicity, we will call these hot core Isopshow some departures (Schmelz et al. 2009, 2010), and thee iss
‘3 MK’ loops, bearing in mind that the isothermality of thesas still debated.
3 MK loops is not universally accepted. Various recent stud- In summary, our view is that a significant fraction of the
ies based on Hinode EIS observations discussed AR cores (eq¥onal emission in active regions is composed of loop struc
Tripathi et al. 2011; Warren et al. 2012) but did not analyse tures that are nearly isothermal in their cross-section¢c@are
detail the thermal structure of the 3 MK loops. Winebargelet better observed with spectrometers with high spatial teisi
(2011) calculated the flerential emission measure (DEM) ofandor with monochromatic imagers. Clearly, given the poor spa-
the apex region of the hot core loops, and found the DEM to kil resolution of current spectrometers, most loop stmest ap-
broad and peaked around 3 MK. pear as multi-thermal, due to line of sighfexts. It is thought
We note that previous studies used the Hinode EIS groutitt individual magnetic flux tubes are isothermal, and that
calibration, hence need to be revised in light of our new-cagolved loops are composed of a superposition of such elemen-
bration (Del Zanna 2013), which mainly increases the lines tary structures (Klimchuk 2006). Measuring how isotherotad
the LW channel. Thisfiects by about a factor of two the emis-served loops are, is therefore an useful observationakizints
sion measures at 3 MK, since they are constrained by thegstrd@r loop modelling.
Fexiv—Fexvi observed in this channel. We also note that, in gen- The dfective spatial resolution of EIS is only marginally bet-
eral, it is not simple to determine how much isothermal ampkas ter than CDS. The AlA resolution is excellent, but one obsgiou
is, with significant uncertainties originating from how acate question we want to address here is whether the nature, lihe ca
observations and atomic data are (see, e.g. Judge 2010;&andration and the atomic data for the AIA EUV bands are accurate
Klimchuk 2010). enough to measure the thermal structure of active regions.

One of the aims of this paper is to study the thermal struc- As we showed in O’'Dwyer et al. (2010) and Del Zanna et al.
ture of these 3 MK loops taking into account the new calibrgti (2011c), the AIA EUV bands are significantly multi-thermal,
a different selection of lines, a discussion of elemental abuwhich naturally ‘blurs’ their view of active region loops @n
dances, and backgroyfiareground subtraction, all aspects thalimits their use. The O’Dwyer et al. (2010) study was purely
were often neglected in the literature but that turn out tqiiee  theoretical, while the Del Zanna et al. (2011c) study cor8in
important. These loops appear ‘fuzzy’, i.e. unresolved &t 1Hinode EIS and AIA observations to show that significant Itoo
resolution. This was known from Skylab X-ray imaging, EUMT <1 MK) emission is present in all the AIA EUV bands. EIS
imaging from TRACE (see, e.g. Brickhouse & Schmelz 2006as a significant temperature overlap with the AIA bands, and
and actually for a long time from ground-based observatiofigither observes directly some of the AIA bands, so it is an ex

(e.g. in Cav), although detailed measurements of densities af@llent instrument for this purpose. We highlighted selvemab-
abundance have been lacking. lems in the AIA and EIS data, but also in the atomic data, espe-

In the EUV, the brightest emission in ARs comes from lowcially for the 211 A band, where up to a half of the emission can
lying emission (commonly known as ‘moss’) that was clearlyome from unidentified spectral lines. In this paper we aim to
visible with high-resolution imagers observing 1 MK emissi €xtend the previous work to discuss the various contribstio

such as NIXT (Peres et al. 1994) and TRACE 173 A passbam?_EUV AlA bands in the case of hot emission (cores of active
(see, e.g. Schrijver et al. 1999). Martens et al. (2000)gseg '€9i0ns), and to see how the AIA data can be used to study the
that moss is the transition-region emission of the 3 MK Igop R multi-thermal structure with diierential emission measure

a view commonly accepted. We note however that moss ermis.EM) modelling. ,

sion is co-spatial with all plage regions, and plage regiares Our SOHO CDS ob_servatlons also sugges_ted_ the presence
the magnetic footpoint of all coronal structures, i.e. nayaghe Of & pervasive and dominant unresolved emission in the 155-2

3 MK loops. Various studies on moss emission have been piK temperature range (Del Zanna & Mason 2003), which con-
formed, to try and gain insight into the physics of the 3 MKpso Stituted about 80% of the EUV AR emission observed by CDS
(see, e.g. Tripathi et al. 2010; Winebarger et al. 2011;afip and TRACE, and was neglected in previous analyses. Similar
et al. 2012). We will discuss moss characteristics in a separl€vels of emission are also observed with EIS, but not with Al
paper, but note that any measurement of coronal structeestsn @S We shall discuss here. Another natural question we want to
to avoid regions where moss is present. address here is whether this unresolved emission is rea or i
an artifact of the low spatial resolution of the spectrormrsetand

Active regions, especially during later stages of theiesiv n%tray light in the imagers.

produce long-lasting ‘warm’ loops, formed between 1 a
2 MK, spectacularly observed with the TRACE 173 A (ke
band. The thermal characteristics of these loops have been AIA and EIS Observations
bated for a very long time. Clearly, EUV imaging from TRACE™
had limited temperature information. Until 2003, it was comye have analysed several SPXDA and Hinod¢EIS observa-
monly thought that the majority of AR loop structures wergons, both of on-disk andfblimb active regions. We used an
multi-thermal, and that most cooler loops were actuallylbops  E|S study (Atlas60) that we designed for the purpose of the
observed during the cooling process. cross-calibration between AIA and EIS. Here, we presenia sa
Our SOHO CDS observations, combined with TRACE higlple of results from two on-disk active regions, observed @h®
resolution imaging of many ARs actually showed a very difNov 23 and 2010 Oct 26. The first one was discussed in Del
ferent picture. Most warm loops were found nearly isothérmZanna et al. (2011c) as a clear example of a case when signifi-
in their cross-section and with filling factors close to orie @ant cool emission is presentin all the AIA EUV bands. It soal
their base (Del Zanna 2003a; Del Zanna & Mason 2003; Cirtagnclear case where hotter emission fronx#F@ is not present in
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the 94 A band. The second one is instead a clear case where AIA responses
Fexvm is present in the 94 A band. We also analysed with the e ' ' '
same level of detail an AR observation of 2010 Dec 11 atthe 'O F 1A E
limb, where some Fevin emission is present in the core. 193 A
The EIS observations consists of single rastering of the 2
slit (from west to east) 60 times by2” steps, for a field-
of-view (FOV) of 120" x 140’. With 60s exposure time, the
observation lasted60 minutes. Details on the complex pro-
cessing of the EIS and AIA data can be found in Del Zanna
et al. (2011c). Various geometrical corrections were @gbli
to both AIA and EIS. The AIA plate scale was adjusted for
each observation by examining the solar limb, and then €ross 1077
checked by cross-correlating low-lying features such as th ;
moss. The co-alignment is good to one AIA pixel. The AIA im- 55 6.0 6.5 70 75
ages were then reduced to the lower spatial and temporal reso log T (K)
lution of the EIS data for a direct comparison. The AlA images
were convolved with a Gaussian df full-width-half-maximum AIA responses
(FWHM). Various comparisons on fiierent ARs were per-
formed, and the results consistently indicate #edive reso-
lution of EIS of about 3—4. This is due to a superposition of
various dfects which include the intrinsic EIS point spread func-
tion, its stray light, and the instrument and satellitesjithg dur-
ing each exposure. The long exposures required for a spectro
eter, combined with the intrinsic AR variability, also cdhtite
to ‘blurring’ the view.
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3. Atomic data and instrument calibrations

In the past few years, we (the APAP te9nhave produced a 107%
significant amount of new large-scale atomic calculatiomrs f
a large number of ions, including Fe (Witthoeft & Badnell

(23? (;?)’22?];53 ng;jéé?;ﬂg ;t gltofgyl 22)6f§a§DeE:ﬁZ?82i’i Fig.1. The SDO AIA response functions calculated with the present

atomic data, the present ‘coronal’ abundances and a constant electro
Zanna et al. 2012a), ke (Del Zanna & Storey 2013b), Fav density of %10° cmi™3 (full lines). The dashed lines are the responses

(Liang et al. 2010), and Fevr (Liang et al. 2009). The R-matriX caicylated with ‘photospheric’ abundances, multiplied by 3.16. The

calculations for Fe—Fexm were not trivial, and a lot of surpris- gash dot lines are calculated with CHIANTI v.7.1, and ‘photospheric’
ing issues were found. The main being that cascading and rgsundances multiplied by 3.16.

onance excitations are extremely important for some of difie s
X-ray and EUV lines. These atomic data have been benchmarked
against the best solar and laboratory observations in assefi

papers, where several new identifications have been pmbvid . .
The review of the soft X-rays is given in Del Zanna (2012a)-0 "as been done by comparing the SDO Extreme ultraviolet

- : iability Experiment (EVE) (Woods et al. 2012) and AIA ob-
T et 1oy e i date, 2 ations. We compared the ful-disk AIA data rumbers (DN)
that some of the new data and identifications have already b&kiling the first hour of 2010 Dec 10 with the values estimated d
made available to CHIANTI v.7.1 (the Fai, Feix and Fexiv rectly from EVE, using the AlA pfe‘f“ghF C"".“bf‘?‘“on of Baear
atomic data, and some of the Del Zanna 2012a identification ﬁal. (2011). We measured the radial distribution of tidimb
The latest v.7.1 CHIANTI ionization equilibrium tables (i ‘A count rates and estimated the missing Alf-bmb contri-
et al. 2013) are adopted here. A notable feature is a chang%" ion to be negligible (of the order of 1%). With the EVE v.2

T P ata, we obtained the following correction factors to thé &f-
Lﬂg&%”&fgf&%%ﬂg‘%?gwzfgggf‘“ and Fax, compared to the (v~ eas: 0.79, 0.84, 1.28, 1.13, 1.12 for the 131, 193,

; L cimpifi : ke 211, and 335 A bands. The correction factors suggestednwithi
During the present analysis, significant discrepancieben t5=— ;

radiances of the EIS lines were found, with most lines in tHB€ AlA s_?)ftwgr%k%y\s/;v;riszedfvef%;m ilr(l)c;tlm:depﬂade) I?i;et
long-wavelength (LW) channel being a factor of two too weak®" stme{/aEr (3; ibration. we ohiained )I'. (t)welver, V\(l) 83
compared to those in the short-wavelength (SW) band, if t %_(1:(1%1 12 0v.97ca1|0ra}rlr?n, Wwe o at|'ne h en vatubes. ' ,I'
ground calibration is adopted. A detailed analysis has ted :11+ 1.12, 0.97, 1.0. These corrections have not beeneahpli
a new time- and wavelength-dependent radiometric caidrat SINce they are well within the uncertainties of the EVE aalib
(Del Zanna 2013) which is adopted here. The new calibratien i_t'on (250_/0)_' We also note that a proper _m-fllght AlA caliboati
creases all the LW lines by about a factor of 2 for the obsimat IS non-trivial. For example, any correction to the 94 and A71
discussed here, but leaves those of the SW band substaatiall pands has an additional uncertainty due to the low EVE resolu
changed (in agreement with the in-flight calibration disagsin 10N

An assessment of the AIA calibration for data in 2010 Dec

Wang et al. 2011). We used the present atomic data and the pre-fligigice
tive areas (Boerner et al. 2011) to calculate the AIA respons
1 www.apap-network.org functions, following the simple methods described in Deh@a
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etal. (2011c). These responses are basically the sum afitise e analysis for all the regions where the estimated e emission
sivities of the lines and continua folded with theetive areas is above a threshold value. In case of obvious flaring andFe
and summed over wavelength. We calculated the responses @ribution, the 131 A band is used for tB&M analysis.
constant electron density 0f210° cm3, typical for the upper

transition-region emission in warm loops (Del Zanna & Mason

2003), but note that some variations would be presentigint 3.2. AlA 171 A

densities are used. Note that the AIA response function-ava-. 171 A pand turns out to be always dominated by the reso-

e 3
ablje within fS(oIarsoftI,asisume alcok;lst%nt pressure S0 K oo transition from Fe, for which the atomic data of Storey
and a set of “coronal’ e etnenta a' undances. et al. (2002) are expected to be reliable. This line is ptedito

We adopted a set of ‘coronal’ abundances discussed belgy, sensitive to both the temperature and density strucfuteo
Where most low f|r§t ionization potential (FIP) elementshsucemitting plasma. As shown in Del Zanna et al. (2011c), this li
as iron have been increased by a factor of 3.16. The curves @rgrmed over a very broad temperature range TI§i§] = 5.5—
shown in Fig. 1. We also calculated the responses with the pig_)z)_ In the cores of active regions, some blending (abot 10
tospheric abundances of Asplund et al. (2009). These vdhues of the Fax) is due to Cav 171.6 A.

creased by 3.16, are also shown in the figure. The peaks agreer . 171 A line is barely visible in the EIS spectra, being

very well because the dominating lines in all the AIAEUV band, a region where the EIS sensitivity is about three orders of

are from iron, so the abundances are mainly a scaling factor, . .
although some dierences are present in the continuum. Th@a%r:guden:owgr trrﬁn t%t trh? fggg elltround 195 A. A direct AIA
means that emission measure modelling with AlA is largely i comparison is thereto uit

dependent of elemental abundances. Finally, the dot-dass |

in Fig. 1 show the responses calculated with CHIANTIVv.7.1. 3 3 AJA and Hi-C 193 A

This band is relatively well understood, because all thedliare
3.1. AIA131 A4 observed with EIS, and since 2004 we have made a significant
. . . effort to identify the lines and provide accurate atomic dapeees
The AIA 131 A band is dominated by two Fer lines at 130.94 cially for Fex, Fexi, and Fexn. We note that the strongest lines
and 131.24 A although significant contribution in ARs comeg this band are from Fer. When flare-like emission is present

from a large number of lines, plus the free-bound continuurﬁl1 the cores of ARs. the Gam 192.8 A and Fexiv 192.0 A
The atomic data for Fean are uncertain. As described in Dellines provide a significant contribution to this band. Nete t

Zanna (2009b), adjustments to the &ni et al. (2000) atomic %

data were necessary to improve the EUV lines observed op?tpoints of warm loops, Far, Fevin, and Fax produce a sig-
Hinode EIS. These adjustments, implemented in CHIANTI v. icant contribution (Del Zanna et al. 2011c). We note theatiF

based I tomic struct lculation thatskt 8 not included in CHIANTI yet because of uncertainties ia th
were based on a 1arge alomic structure caicuiation abBItU jqe htifications of the strongest lines. Here, we adopt teatid

on the lower levels and was not accurate for the 4f levels thalasons of Del Zanna (2009a). Some unidentified lines e al

are producing the lines in the AIA 131 A band. A recent large: s
scale atomic calculation from Tayal & Zatsarinny (2011) aiad %’E‘gjfenltitlget T;}sﬂt:g;d Asgiégg_na etal. 2011c), although tbey ¢

resolve the problems with the EUV lines (cf. their Table 4), Despite common knowledge, only about half of the counts

but should in principle provide better atomic data for the 4f corded in the AIA 193 A band in the cores of active regions is

lines. We therefore built a new ion model where we used th Ue to the Femn lines. The rest of the counts are due to several
Tayal & Zatsarinny (2011) data but also applied some correc:- 1 '

tions, based on the Del Zanna (2009b) calculations for trede tfansitions formed over a broad range of temperatures.€Tiser

: ignificant contribution from Fei, then from Fe and Fexi.
numbered 41, 43, 45, and 46. Tayal & Zatsarinny (2011) o jan X P .
provided some A values for the dipole-allowed transitidosy- € have found this by comparing the simultaneous AIA and EIS

N : o observations of a few ARs. Fig. 2 shows as an example the AR
ever a significant number of forbidden transitions are resgs X o
to redistribute the level population, especially to deate observed on-disk on 2010 Nov 23. Its top right image shows

L. the total AIA count rates due to the ke 186.8, 192.4, 193.5
the metastable levels for this ion. The values calculate®dly ; ' ' '
Zanna (2009b) have been added to those provided by Tayala dailngesdle ggﬁ\sléﬁ:lr]ObtsheerVEel'lébgaﬁé%tzgersa%;%%rg;ﬁi xvlere
Zatsarinny (2011). The new ion model produces a signific y 9

(about 40%) decrease in the 131 A band response, as showEH' vsvn-:—r? ?Kea:g% tlgftbi?nggr;pared to the total AIA count rates,
Fig. 1. j

. L . . By comparing the AlA count rates due to kie(as estimated
When flare-like emission is present, significant contlnuum, EIS) with the AIA images, we found that the D\due to all

131 A band, with some contribution also from:Beand Fexxm th
(see Petkaki et al. 2012; Del Zanna & Woods 2013). This hot
contribution significantly complicates the use of this bdod _
DEM analysis, because it is typically superimposed on the I(Fexir) = 0.7 (I(193 A) - (171 A)/2)

cooler (mostly Fem) emission, for which we have no other  Fig. 2 shows (middle top) an image of the AIA P$\due to
means to establish its amount. Looking at many ARs, we foufite Fexn lines as obtained from this expression. A comparison
that only occasionally the Bex is produced in the same regionsyith the measured Fer intensity shows that this linear relation

as Fexvi, observed in the 94 A band (see below). This meamserestimates the k& contribution in the areas with strong cool
that the estimated Fem cannot be used as a proxy to estimatemission and little Fex emission, as for example pixel position
the Fexxr emission. Also, thdEM that can be estimated from25 in the lower panel of Fig. 2.

Fexvi is not necessarily the same as that forxke So, as a We note that for the preseBEM analysis the total observed
first approximation, we did not use the 131 A band forB#8M  and predicted emission in this band has been used, since the

is way:



G. Del Zanna: The multi-thermal emission in solar active regions

0 4500 9000 Q 4500 9000

AIA 193 ! (Fe Xl Fe XIl 193 !
|
E — 380 ’ W

360

cooler contribution to this band can be estimated quiterately k —
AIA 193

with the 131 and 171 A bands, and the atomic data for the 193 A
band are relatively complete.

3.4. AIA211 A ~
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This AIA band is the least understood, with a significant num- L. 250

ber of lines not yet identified, as discussed in Del Zanna.et al 260 280 300 320 340 260 280 300 320 340 260 280 300 320 340
(2011c). Some of them are ‘cool’ lines (Del Zanna 2009a))evhi 2 e’ ° 3 e’ N
others are coronal (Del Zanna 2012b). The main coronaldine i n 2l A AR 211 A (Fe XIV) Fe Xv 211 A

the Fexiv 211.3 A transition. This Fewv line is observed directly
by HinodgEIS, so we can estimate precisely its contribution to
the AIA band (assuming that the EIS and AIA calibrations are 0
correct). Fig. 2 (right middle image) shows the AIA [BENdue to m'
the Fexiv 211.3 A line. In the cores of ARs, only about 60% of
the counts in the 211 A band comes from thexferansition at b FOTII
211.3 A . 260 25013;30 320 340270 , 260 zao;zo 320 340270
The missing atomic data for this band means that it cannot ~ — Ansss AR 33 & Ce Xy
be used as itis fADEM analysis. In the absence of EIS observa-
tions, the AIA 211 A DNs due to the Ferv line can be roughly
estimated by subtracting a linear combination of the 171 and
193 A bands

b

Q 135 270

Fe XVI 335 X

N e (e AL AL
260 280 300 320 340 260 280 300 320 340 260 280 300 320 340

I(Fexmv) = I(211 A) -1(171 A)/17_ 1(193 A)/5 AA 193 A AIA 193 & (Fe Xil) Fe XIl 193 A
8000 8000 8000
The result obtained from this relation is shown in Fig. 2 6000 6000 6000
(middle image). We have used this linear combination astinpu oo - oo
for all the DEM analyses presented in this paper. The corre-
sponding response for this band was calculated by adding the 0 2000 zoooﬂfw
Fexiv emissivity to the continuum. The atomic data forxre
are reliable (Liang etal. 2010; Del Zanna 2012b) and the@Al. oo 20 4‘3:60 aodlsomzo Do 20 AAO 60 gomzo oo 20 43 60 aodloolzo
line does not have significant temperature or dendicts.  mana L manAGem)  rexvan
3.5. AIA 335 A - o o
e 1500 1500 1500
The 335 A band is also highly multi-thermal, although the dom 1000 1000 1000
inant contribution in the cores of active regions is fromragie - - -
Fexvi 335.4 A transition, for which the atomic data (Liang et al.
2009) are reliable. We have checked this by estimating theiFe Cosowosos0tooss o so4oeomoiomas o 2040 e soto0ss
335.4 Aline using the intensity of the ker 263 A line observed i e e
by EIS, and adopting a theoretical ratio of 17.5 (photonsjte o[ oo 8T ottt 3
two lines. Fig. 2 (bottom right image) shows the estimated Al o 0 5
335 A DNs due to the Fevi 335.4 A line. The residual emission
in AR cores comes from a host of transitions and ionsxkFe 100 100 100
Mg vir, Fex, etc.). We found that the empirical relation © “ ©
|(FEXVI) = |(335 A) - |(171 A)/?O s oo 20 40 60 80100120 0o 20 40 60 B0 100120 oo 20 40 60 80100120

prowdes_a rpugh estimate for_ the AIA [2ldue tc_) the Fevi Fig.2. Top three left images: AIA count rates (8Y of the on-disk
335.4 Aline in the AR cores. Fig. 2 (middle lower image) ShoWgR ohservation of 2010 Nov 23, rebinned to the EIS resolution. Top
the result of this linear relation. This empirical adjustih&me- three middle images: estimated AIA count rates due taiF&exiv,
times leaves a small residual due to the cooler lines in rsgiocand Fexvi (see text). Top three right images: measureaifFéexiv
where the Favi 335.4 A line is very weak. and estimated Fev (in AIA DN/s) directly from EIS. The axes in the

We have used this estimate as input in sd&M analyses, images indicate arc seconds from Sun centre. The bottom panels show

. L . the corresponding profiles (AIA DN) along the segment indicated in
using for the response function just the:Fe335.4 A contribu- the images. The AR core spans the 60-130 arc seconds region in the

tion function, added to the continuum. This procedufectively profiles.

removes the double peak for this band. The lower temperature

peak in this band is due to significant TR emission, as dimijss3 6. AIA 94 A

in Del Zanna et al. (2011c) (see the cool loops in the bottdm le™ ™

of the images in Fig. 2). This band is particularly important for the presence of the
Fexvm 93.932 A line. Significant problems in the 94 A band

5
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SDO AIA 94 A responses ter calculations predict the presence of & 3g° 2Ps,,—3° 3d

Fe Xvill 2Ds); transition, at an estimated wavelength of 94.27 A. There
are two problems with this line. First, its intensity is pieédd
to be more than half the 94.012 A line, while there are no lines
in astrophysical or laboratory spectra around that wagglen
Second, the position of the 8(8d ?Ds,, level afects the 3%
3p* 4s2Ds), one, drastically reducing the weighted oscillator
strength of the 94.012 A transition to a value of 0.13, coragar
to a value of 0.31 obtained from the large-scale RM4 calcula-
tion presented in Del Zanna et al. (2012b). The benchmark of
the Fex soft X-ray lines presented in Del Zanna (2012a) shows
very good agreement between the RM4 model and observations,
: suggesting problems in the target used in Landi & Dere (2013)
5.0 . . . . 7.5 Significant contribution from the continuum (mostly due to
free-bound emission at 3 MK) is present in the AIA 94 A band
(as discussed below), although its amount depends on tlee abs
lute abundances.

Weak Fevmi and Fax transitions are also present in this
band. The Fem lines were observed in the laboratory and
were reported by several authors (see, e.g. AschwandenD&/ data were calculated (O’Dwyer et al. 2012) and included
Boerner 2011; Del Zanna et al. 2011c; Schmelz et al. 20%h; CHIANTI version 7.1. DW calculations for the ke lines
Foster & Testa 2011; Testa et al. 2012b), but it was not cle@'Dwyer et al. 2012) were also included in CHIANTI version
if they were due to calibration or atomic data issues, so a fewl, however the wavelengths of these lines are very uricerta
authors produced empirical estimates for thectie emission The benchmark work of Del Zanna (2012a) found problems
(Reale et al. 2011; Testa & Reale 2012; Warren et al. 2012). in the suggestions given in O’'Dwyer et al. (2012) (included i

When the Favmr emission becomes dominant, we foun@HIANTI version 7.1.), providing new recommended values.
good agreement between observations and theory (Petkaki et CHIANTI version 7.1 also predicts a few ke lines that
2012), suggesting that the AIA 94 A calibration is corredteg could contribute to the 94 A AIA band, in particular a 3s*3p
that the atomic data we provided for f@u should be reliable ?Ds/,—3¢ 3p? 4p2Ds), transition. In this case, both the DW cal-
(Witthoeft et al. 2006; Del Zanna 2006). culations of Landi & Dere (2013) and the large-scale R-rmratri

Outside of obvious flaring emission, the 94 A band wasne (Del Zanna et al. 2012a) agree. The estimated wavelength
thought to be dominated by ke94.012 A, identified by Eéin in CHIANTI version 7.1 is 93.68 A, while that one estimated by
(1937). Del Zanna et al. (2011c) however pointed out that Bl Zanna (2012a) is 93.49 A. Note, however, that this wave-
least two other unidentified components were present in ARsngth has a significant uncertainty, considering thatdadis-
one ‘cooler’ below 1 MK, and one ‘hotter’ around 2-3 MK.  crepancies in the energies of the? 3p? 4p levels have been

The main problem for this band was the lack of atomic dafaund (Del Zanna 2012a).
and line identifications in the soft X-rays. As already menéd, Fig. 3 shows the AIA 94 A responses calculated with the
we have performed new large-scale R-matrix calculatioms fpresent data, together with previous CHIANTI versions. ifhe
several iron ions, to provide the data for the soft X-raydinEhe crease around log[K] =6.3 is mainly due to the Fav 93.61A
soft X-rays (which include this band) were particularly lpiem-  |ine. The main derence with CHIANTI v.7.1 is due to fier-
atic because the majority of lines were unidentified. These nent atomic data for Fe We note that various comparisons with
atomic data have now been benchmarked against soft X-ray seloservations suggest that the new atomic data (which will be
and laboratory observations in Del Zanna (2012a), whererakv available in version 8 of CHIANTI) are relatively accurateda
new identifications (for all the strongest lines) were pded. Of complete. The use of semi-empirical fudge factors such as th
all these new identifications, the k& 93.61 A transition is of /chiantifix keyword within the AIA software is discouraged.
particular importance for AR observations inthe AIA94 AHan  |n conclusion, the AIA 94 A band is so multi-thermal that it
because it becomes very strong. Indeed, it has been knoven f@s not very useful foDEM analysis as it is. However, we have
very long time (see, e.g. Widing & Sandlin 1968; Manson 1972)ed it to constrain thBEM at higher temperatures, when sig-
that when the Sun is active (because of the presence of nafficant Fexvin is present. We searched for a linear combination
flaring ARs) the irradiance of the 93.61A line becomes almost the 171 and 211 A bands that would produce similar count
as strong (66%) as that of the £64.012 A transition. Clearly, rates as those we estimated to be due tavkie(as described
this line must become stronger thanxFia AR radiance observa- below). We found that a rough estimate of the AIA 94 A BN
tions. Note that the atomic data for kie (Liang et al. 2010) are due to Fev is
reliable, and that the new identifications has been mad&alai
to version 7.1 of the CHIANTI database (Landi et al. 2013). _ _ B

The Fex 3¢ 3p° 2Py -3¢ 3¢ 452Dy 94.012 A transition,  © V1D = 1094 _A) 1211 A)/120 - 1(171 A)/450
identified by Edén (1937), is the dominant emission in quiet The 211 A emission is used as a proxy for thexfve(re-
Sun conditions. The atomic calculations for thexRs* 3p* 4s  call that the Feuv 211.3 A transition produces about half of the
levels were extremely complex, as discussed in Del Zannk et@unt rates) and the cooler (1 MK) emission. The 171 A emis-
(2012b). Our R-matrix large-scale calculations shoulddmia sion is instead used to roughly estimate the weaker cotitits
rate to within 30%. Distorted wave (DW) calculations undere¢rom Fevmi, Ferx, and Fex lines.
timate significantly the Fe lines. CHIANTI version 7.1 (Landi The estimated AIA Fevmi count rates are similar to those
et al. 2013) included DW data (Landi & Dere 2013). These ladbtained using the Warren et al. (2012) 171, 193 A combinatio
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Fig. 3. AIA 94 A responses
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(note that the sum in the paper should be from 0 to 3), as shoWwneir relative values compared to hydrogen is still debasesd
below. Note that the Warren et al. (2012) empirical combamat well as the amplitude of the fierence. For recent reviews see,
produced a good agreement with the observegvikeemission e.g. Asplund et al. (2009); Lodders et al. (2009); Schme#.et
(Teriaca et al. 2012) for one sample AR. The agreement betwd2012). A common set of ‘coronal’ abundances used by many
the present and the Warren et al. (2012) method is not sumgyis authors is that one of Feldman et al. (1992), where the Idw-Fl
considering that the morphology of the 193 and 211 A bandsétements are increased by a factor of about 4. This set ofabun
very similar in all active region cores. dances is in need of a significant revision, mainly becausgyma
values were measured relative to the photospheric abuadaific
) ) high-FIP elements (such as oxygen), which have changed, Als
4. DEM inversion methods we note that it is now quite clear that a single set of elententa
We recall that the intensity of an optically thin line can be e g?%g?gﬁgeégfg:;%gfer?ﬁ;e;igttagﬁ ggsélggeslziﬁgrsr?atﬁtmu
pressed as an integral along the line of sight photospheric abundances. A strong FiReet was thought to be
present in warm loops, however a revision of the older measur
1(25i) = fr:Ne N AbG(Ne, T, 2;) dh @) ments, together with SOHO CDS measurements has showed that
in many cases warm loops have abundances close to the photo-
where Ab is the elemental abundanGNe, T, 1;;) is thecon-  spheric ones, i.e. the FIP enhancement was often overéstima
tribution function of the spectral lineG(N, T) has a very strong in the literature (see Del Zanna 2003b). We discuss the abun-
dependence on temperature, through the ionization batzlee dances in hot core loops below.
culations, and normally a negligible dependence on tha@relec  An interesting measurement is obtained once the column
number densitylNe, for a certain range of densities, if the approemission measure and the average electron deasity > are
priate line is chosen. In the case of a broad-band instrus&ht known. This is the path length
as AlA, the contribution function is replaced by the instemh

response, which is calculated by summing all@&(&l, T) of the Ah = EMn [cm] (5)
lines in the passband and adding the emissivity of the contin 0.83 < Ne>2
If a unique relationship exists betwebla andT, neglecting i.e. the length along the line of sight of the emitting plasma
density éfects we define assuming that it is uniformly distributed. 0.83 is the vahfe
Nn/Ne (Which depends slightly on the elemental abundances).
DEM(T) = NeNH@ [em°K™Y (2) The average electron densityNe > is obtained from density-
d sensitive line ratios, is independent of the elemental dances,

and largely independent of the ionisation state of the pdasm
Another parameter often used is the spectroscopic filliotpfa
which is obtained from the path length once the size (alorg th
line of sight) of the plasma is known. This size can be estahat
quite accurately only in some cases, such as clearly defored c
nal loops.

as the column dierential emission measur®EM) of the
plasma, which gives an indication of the amount of plasmaglo
the line of sight that is emitting the radiation observed tdra-
perature betweeil andT + dT. The DEM by definition is a
continuous distribution in a range of temperatures. We adlym
write

One useful parameter related to tb&M is the dfective
(i) = Ab f G(T) DEM(T) dT, (3 temperature
! Teff=fG(T) DEM(T)TdT/(fG(T) DEM(T) dT (6)

assuming that the abundance of the eleméris constant along ¢ js 4 average temperature more indicative of whereeddin

the line of sight. There is an extended literature on theesubj ¢ 0 This is often quite ierent thar may, the temperature
of inversion techniques and the non-uniqueness of the'eDIUtWhereG(T) has a maximum.

(see e.g. Craig & Brown 1976, 1986; Judge et al. 1997 and-refer

ences therein). A few specific issues are discussed in DeléZan

(1999); Del Zanna et al. (2002). 4.1. DEM spline method using Hinode EIS lines
The column emission measuEeM (T, AT) can be calcu-

lated by integrating th©EM over the temperature binsT =

T2-T1

For a few sample cases based on EIS lines we have used the
method described in Del Zanna (1999), where EiHeM is as-
sumed to be a spline function. The DEM is well constrained up
h2 T2 to log T[K]=6.5 (3 MK) with strong iron lines, up to Fev.
EMn(T,AT) = f NeNy dh = f DEM (T)dT [cm™®] (4) EIS observes several weak £er lines that can be used to con-
ht m strain the higher temperatures. Note that all theelines are

The total emission measutEM;(T) is obtained by integrating blended to some degree (see Del Zanna 2008 and Del Zanna
over the entire temperature range. & Ishikawa 2009 for details on line |d_ent|f|cat|ons and atomi

Note that the absolute values of th&M or EM;, depend on data). For example, the strongestxive line at 204.66 A with a
the radiometric calibration of the instrument providing thten-  cool line, identified as partly due to Fer at 204.704 A in Del
sities and the ‘absolute’ (i.e. relative to hydrogen) valoéthe Zanna (2009b). Itturns out that the &er lines, despite having a
elemental abundances. Also note that there is a vast literah 109 Tmax = 6.75, have log«+=6.5 in the cores of active regions,
the subject of photospheric and coronal abundances. Oy a given the largeDEM at 3 MK. So, éfectively, the Fevn lines
key issues are mentioned here. The standard photospharie alprovide an upper limit tdEM values above 3 MK.
dances of many elements have recently changed significantly A further upper limit around 10 MK is obtained from the
The low-FIP & 10 eV) elements are more abundant than higrexxm 263.8 A line (see Del Zanna 2008; Del Zanna et al.
FIP in the slow solar wind (SSW) and in coronal loop plasm&011b for a discussion on blending for this line).
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Fig. 4. Top two rows: observed and estimated (from the ADEM modelling) AIA images (negative, D) of the on-disk AR observation of
2010 Oct 26, rebinned to the EIS resolution. Lower two rows: monaahtic images (negative, photons s arcsec?) in EIS lines, observed
and estimated from the AI®SEM modelling.

A number of calcium lines are often used for emission med:2. Automatic DEM inversion

sure purposes (Warren et al. 2012), however, a number of prob ) ) o ) )

lems have been found here. Most of thexBaand Cavi lines The DEM spline method requires significant user interaction

were found blended. The strongest x3a200.97 A line (Del and is not suitable to calculaREMs on a pixel-by-pixel basis.

Zanna 2012b), formed around 4.5 MK, has intensities alway¥e have tested various inversion methods on several AlArebse

at odds with those of the other lines. The Ga 192.82 A is Vations adopting a range of parameters. In particular, we ha

the strongest line formed around 5-6 MK observed by EIS (D&sted two among the most refined methods: the MCMC method

Zanna 2008), but unfortunately is severely blended. Thexm&! Kashyap & Drake (1998) and the regularised inversion of

blending is due to the strong ke192.813 A line. Its intensity H_annah & Kontar (2012). Once ti2EM was obtained, the pre-

is estimated here via a branching ratio (0.21 photons) \ieh tdlcted AlA count rates were then compared to the observesl one
' We also predicted EIS radiances and compared them to simulta

188.216 A line (Del Zanna et al. 2010b). Several strong O : :
lines are also blending Gam (Young et al. 2007). Following neous observations, whenever available. We found the lbvera

. 2 results very unsatisfactory. The MCMC method failed in most
our benchmark work (Del Zanna 2009a), the 092.9 A emis- s very u I y rec |

. : 2 laces, although we notice that it works relatively well whe
sion was used to estimate the contribution to the 192.8 Aobleng g y

ften found bl ission. in which mission lines are considered (Del Zanna et al. 2011c). A sim
We often found no measurable &ar emission, in which case o conclusion was obtained by Testa et al. (2012a), wheze t
an estimate of the Gavir minimum intensity was considered in

: o MCMC method was applied to recover the results of a 3-D sim-
the DEM modelling as an upper limit. ulation. The Hannah & Kontar (2012) code performed reléive
well but in places failed completely to provide an accem@abp-
resentation of the observations.

Therefore, we had to develop a new method to obdM s
from the AIA EUV bands. As pointed out in Del Zanna et al.
EIS also observes several lines from Ni, Ar, S, Si that can 2011c), part of the problem in using the AIA EUV data lies
used to measure quite accurately their coronal abundareles (n their broad temperature response. Another reason whg-som
ative to iron), as described in Del Zanna (2012b) and dismlisdimes inversion methods fail is related to the multiple setiat
below. This is an important feature of the EIS spectra. A feare present in the 94, 131, 211, and 335 A bands. This problem
weak lines from K, P, Cr, Mn can also provide a rough estimate# the multiple peaks has been partially solved with the atas+
for these elements, as shown below. sumptions, i.e. by isolating the kev and Fexvr in the 211, and
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Fig.5. Top two rows: observed and estimated (from the ADEM modelling) AIA images (negative, D) of the on-disk AR observation of
2010 Nov 23, rebinned to the EIS resolution. Lower two rows: monaunhtic images (negative, photons @ arcsec?) in EIS lines, observed
and estimated from the AI®EM modelling.

335 A bands, remove the hot component in the 131 A band, af@)12) 2400s, and the present code a similar amount, althibug
only use the 94 A band in the hot regions wherexfie emission can be reduced with a careful selection of parameters.
can be isolated. If the DEM is efectively a smooth distribution, a very good
We chose a functional form for tHeEM which allowed for approximation for it is given by
the presence of near-isothermal structures, but was aldd mu
thermal and continuous. After various tests, we obtainedbést lob
results by representing tHeEM in each AlA pixel as a super- DEM, = f )
" X O _ Ab | G(N,T)dT
position of nearly isothermal distributions, modeled asi§3&n t
functions of narrow width, and spaced across the entire éemp
ature range. A similar approach was adopted by AschwandgRere the integral is performed over the entire temperaturge
& Boerner (2011) to study single loops in one AR. Typicallywhere a line is formed. We use this approximation as a start-
we used about 10 Gaussians to cover the Tg§]=5.6-6.6 ing solution for the inversion, assuming for the AIA 131, 171
range, plus a few extra ones in the regions where hot emissigyg 211, 335, 94 A channels the temperatures (log valugs); 5
is present. The widths of thesg Gaussians should be sm#l tosags 6.2 6.3, 6.4, 6.8, and then interpolating them ove0a 0
low for the presence of near-isothermal plasma, but caneot@mperature grid (in log). Note that such approximation, used
arbitrarily low, because of the limited accuracy by whicle thin widing & Feldman (1989) and following papers to estimate
line emissivities are known (see also Judge 2010). Thes#nn tre|ative elemental abundances, fails completely when g

mainly depend on the ionisation and recombination rate®rAfis nearly isothermal (Del Zanna et al. 2001; Del Zanna 2003b;
various tests, we found that a width of about 0.07 inTq{] is  pe| zanna et al. 2003).

a good compromise, resulting in a smo@B&M distribution. A ypper limit to theDEM distribution is easily obtained by
For each pixel, a simple iterative procedure was applie@énsidering the emission measure loci. The loci of the aurve

by minimizing they? by varying the heights of the Gaussians},,/(Ab x G(N,T)) represent, at each temperature, the upper

Values with very low intensities are typically not consiefor  |imit to the value ofEM(T, AT). The limit is obtained only if

the minimization. A variant of this method has been codecto khe plasma is strictly isothermal at that temperature. The E

used for the Hinode EIS spectral lines. Loci method was applied for the first time by Strong (1978) and
Any inversion code is time consuming. For a small sampMeck et al. (1984) to the analysis of solar X-ray flare speetna

of 9600 points, MCMC required 5100s, the Hannah & Kontdater by Del Zanna & Mason (2003) to SOHO CDS observations
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of solar active regions. The method has since become very cdor the 193 and the 211 A bands. Good agreement is found. The
mon in the literature. EIS 171 A line is very uncertain (50%) because it is at thetlimi
The upper boundary for tHeM has been converted to an upof the detector and has very low counts.
per boundary for th®EM distribution by assuming a constant
DEM in each temperature bin. As a lower boundary, BieM, .
We have calculated the instrument respor@@s, T) in the elling) SDQAIA countrates (averaged Dblper EIS pixel) for the 2010
T[K]=5-7.5 range, but have limited the inversion to a more rect 26 (on-disk) region.
stricted temperature range, depending on the type of observ
tions considered. The results of the inversion are quitsiea

to this choice. Th®EM values in the lod [K] =5-5.5 range are Band  Obs. Pred. Pred.
unconstrained by AIA, so we have adopted typical valuesén th A (AIA) (EIS) (DEM)
range 16%7--200 cm=> K~ for on-disk observations. 94 45 R 45(0%)
131 169 - 127(-25%)
5. Validating the DEM method with AIA and EIS 163 013 5570(13%) 4eouaoh
simultaneous observations 211 2610 2382(-9%) 3385(30%)
335 339 - 368(10%)

We have tested thBEM method on a few AIA and EIS simul-
taneous observations of active regions. We provide hereiwo
amples. Fig. 4 shows the result of tbEM modelling for the
on-disk AR observation of 2010 Oct 26 obtained from the AIA  Fig. 6 (top) shows th®EM obtained with the spline method
data. The agreement between observed and estimated AIA caafid the elemental abundances discussed below. We used this
rates is truly remarkable. THREM was also used to predict theDEM to calculate line and continuum emission for all the AIA
Hinode EIS radiances (in photons chs ! arcsec?), which are bands and calculate the total AIA simulated count rates, dis
compared to the observed ones in the same figure. The agisigyed in Table 1. Very good agreement is found.
ment is surprisingly good, both in terms of absolute andirela Inthe 171 A band, the main Feline contributes 1930 DJ,
values. The upper part wadficult to model, because hot emisyhile about 10% (310 DJ$) comes from Nkrv 171.37 A. In
sion from Fexvin is present. The results for the on-disk AR obthe 193 A band, about half comes from thexidines. In the
servation of 2010 Nov 23 are shown in Fig. 5. The lower pagy1 A band, the Feiv 211.3 A line contributes about 50% of
was particularly diicult to fit because the hotter lines are veryhe predicted counts. In the 335 A band, thexFe335.4 A line
weak, while the cooler ones are very strong. This is a regi@gntributes about 80%.
where other methods we have tested typically failed. A significant fraction of the counts in the 94 and 131 A bands
In both cases, we adopted the coronal abundances thges from the free-bound continuum, formed around 3 MK.
are discussed below. The emissivities were calculated Weth \wjith the present abundances, the continuum contributestabo
present atomic data (listed in the beginning of Sect. 3) andg9s and 36%, respectively. With photospheric abundanbes, t

constant electron density ok20° cm3, a typical average AR contributions increase to about 20% and 50% for the 94 and
value. The excellent agreement confirms the validity of th& A 131 A pands.

and EIS calibrations, as well as the accuracy of the atone: da

The comparisons also indicate a good reliability of the proc

dure, which provides confidence in the results that are oétai 6-1. The AIA 94 A band and Fe xvi

with the full-resolution AIA data, described below. The AIA simulated count rates as a function of temperatute an
Obviously, the fact that in most pixels the method is able {Pavelength are shown in Fig. 6. A significant contributiomes

reproduce AlA count rates and EIS radiances within about 3Of£m Fexvin. After Fexvin, the newly-identified Ferv 93.61A

does not necessarily mean that the obtaib&M is an exact i ! |

: ) : X L line produces the main contribution to the band, while minor
solution. In_deed, as me”t'on‘?d' the inversion methoq-mﬁed contributions come from Fe and the set of lines from ke and
and there is no unique solution. Also, broad-band imaging c

never replace the accuracy and amount of information that CEanIItI giisr%lé‘:zggn%r?giggtsghat the Kem intensity is due to the
be obtained with speciroscopic measurements. 3 MK plasma, as Fig. 6 (middle) shows. This is caused by the
largeDEM peak at 3 MK, a temperature where thexker con-
6. The main contributions to the AIA EUV bands in tribution function is only about 8% its peak value at 7 MK. hi
the cores of ARs is a surprising result, although it somewhat uncertain bsea
it relies on the accuracy in the ion abundance toward the sving
To assess the various contributions to the AIA bands, a l&ge Note that the Cavi 192.8 Aline has instead at 3 MK a predicted
gion within the core of the AR observed on the 2010 Oct Zémissivity of only 1% its peak value at 6 MK. This is consisten
was selected (see Fig. 4), to avoid possible small misalegnsn with the fact that we found several cases where this line is no
between EIS and AIA, and increase thé\NSn the EIS spec- observed when instead ke is expected to be present. This
tra. Table 1 shows the observed AIA count rates, togethdr wis another somewhat surprising result, considering thatv@a
the predicted ones for the 193 and 211 A bands, obtained tys a lower peak formation temperature (6 MK) than¥e
convolving the calibrated EIS spectra with the AIA (grourdic (7 MK).
ibration) dfective areas. Good agreement is found. A large un- Obtaining the Fevir emission withDEM modelling based
certainty in the AIA DN estimated directly from EIS is reldte on EIS lines is clearly diicult, especially when Fevi lines are
to the measurement of the EIS bias, done here by taking averagt measurable. A better way to estimate the¥e contribution
values around 205.5, and 210.5 A in regions free of stroreg|in to the AIA 94 A band is to subtract all the known contributions
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Fig.6. Above: TheDEM of the 2010 Oct 26 active region core. The 4007 ::z ::z—
numbers in parentheses are the ratios between predicted and obser\slgocf ol ss0l
intensities. The points are plotted at the temperalug, and at the the-
oretical vs. the observed intensity ratio multiplied by the DEM value.**°f 3oy 3408
Below: corresponding AIA 94 A count rates as a function of tempera---; 320 3208
ture and wavelength (the dashed curve is the normalised Abktive oo 300§ s00f
area) e A 2805 1. AL 280F, i i
260280 300 320 340 260280300 320 340 260280 300 320 340
o] 75 150 0 75 150 0 75 150
7) Fe XVIN (OWEIS)  B) Fe Xuil (AR 9) Fe Xvil (A W12)
400 400 ¢ 4001
from the observed count rates. Theviie-Fexiv contributions ~ >*° ssoy 380t
can in fact be estimated quite accurately using the EIS whser **° oot 3ot
. . . . 340 3401 3401
tions. We applied our automatl@EM inversion for each EIS | 0l w0l
pixel using 12 iron lines. We then calculated the contritmgiof w00l 00l
the various ions and the continuum for each EIS pixel, in AIA sl 280
94 A DN/s. The results for the two selected ARs are plotted |n 2(;028‘036032‘034‘0 260280 300 520 340 260280 300 320 340

Fig. 7. Panels 7 in the same figure show the observed coust r

with all the various known contributions subtracted. Theide
ual emission is expected to be due mostly tafae, although at
least one relatively strong emission line is still unidéet. The
lower panel (Nov 23 observation) indicates that the unifiedt
line has a low formation temperature, close tovke

EE%. 7. AIA images (negative, DJ¢/pixel) of the on-disk AR observa-
tions of 2010 Oct 26 (above) and Nov 23 (below), rebinned onto the EIS
resolution. Panels 4,5,6 show the 94 A predicted count ratesinvFe
Fex, and the continuum. Panels 7 and 8 show the residual count rates
in the AIA 94 A (due to Fevm), estimated from EIS and AIA. Panels

9 show the Fevm estimate of Warren et al. (2012).
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It is clear that the newly-identified Rev 93.61 A always solved by AIA (they are indicated with dashed lines), but ynan
provides an important contribution to the band, the dontioae of them become hardly visible at the EIS resolution. We note
whenever Fevir emission is not present. A significant contrithat there is a region free of loop structures, near the AR cor
bution also comes from the continuum, while a minor one froifat pixel position 80), where the AIA count rates are simitar
Fex 94.012 A. The Fem, Ferx, Fexu lines produce a negli- those far away from the AR (at pixel position 0, the bottom of
gible contribution. This is a new and important result. Ehisr the image). In the rebinned image, the count rates in thie cor
good agreement between the present and the Warren et &) (20&gion are instead almost twice the values at the bottomeof th
method to estimate the kem emission, as shown in Fig. 7. image. This clearly illustrates that a factor of two inceeasthe

‘unresolved’ background observed by Hinode EIS (and SOHO

7 The multi-thermal emission at the AIA resolution CDS) in AR cores can simply be caused by its lower resolution.

o 1950 2500 0 6875 13750 We then pe_rformed the automatig ABEM moqlelling on
T the full-resolution AlA data of the active region using tlet ef
SDO AIA 193 SDO AIA 193 rebinned abundances discussed below. To increase tNe\8e averaged
2 the AIA images during a minute, between 11:40 and 11:41 UT.
We corrected for the AIA stray light using the results of Pealu
et al. (2013) and applied our corrections for the AIA platelsc
We then calculated the predicted radiances in a sample of EIS
250 i lines. Sample results are shown in Fig. 9, centered on a éundl
. ’ 1 ‘ of 3 MK loops, clearly seen in AIA 335 A (Fevi). These im-
ages, together with the intensity profiles across the lodparly
200k e § 200 show the presence of a multitude of loops that are mostlyaot ¢
& spatial at the various temperatures, and become more Ivgdso
F at higher temperatures. The locations of a few cool loopgkwhi
appear as nearly resolved in ¥e and Fax are shown in the
150 M s 150 b b profiles of Fig. 9 as dashed lines. Higher-temperaturesslaop
100120 140 160 180 200 100120 140 160 180 200 e.g. Fexu are normally not co-spatial. In each single AIA pixel,
SDO AlA 195 SDO AlA 193 rebinned — there is clearly some superposition offdient structures along
the line of sight.

300

250

800 4000

600 3000 F

The ‘contrast’ of the structures as seen in single emission
lines is clearly enhanced, compared to the original AlA ie®g
which confirms that the multi-thermal nature of the AIA bands
is somewhat ‘blurring’ our view of the AR structures. For ex-

4001 2000 F

200 1000 F

ol i o G ample, we notice the significantftérences between the AIA
0 20 40 60 0 20 40 60 131 A image and the reconstructedvretowards the AR core
Arcseconds Arcseconds (upper images, 100-130n the profiles). TheDEM modelling

predicts very little unresolved background emission in Atk
Fig.8. Above: a zoom up of a full-resolution AIA 193 A image (left, core in lines formed up to 1 MK (as &&. The unresolved back-
FOV, and the_corre_sponding rebinne_d image obtained by cor_1vertir_1g xu, and much higher in Fav—Fexvi, compared to the val-
AlA o_bservaﬂon; into the EIS spatial and temporal resolution (I’Igh&%s outside the core (in the bottom of the image). This cosfirm
negatlv_e). Be_low. profiles of th_e count rates along the N-S segm TRACE and SOHO CDS results of Del Zanna & Mason
shown in the images. The locations of a few loop structures that app - .
as nearly resolved in the full-resolution AIA 193 A image are indicate 03), although the higher A_IA_resqutlo_n now shows much
with dashed lines. lower levels of unresolved emission, relative to the totalse
sion (less than 50% instead of 80%). The increased spasiad re
lution clearly allows us to resolve more and more structares
One of the aims of this paper was to discuss the mulénables us to better ‘see through’. One question naturadigs:
thermal emission in the AR cores at the higher AIA resolutioRvhat is this unresolved emission? It is likely composed ofdgm
To illustrate how significant the increase is, we conside2®10 titude of loops of sizes well below the resolution of curramt
Oct 26 AR observations. Hinode EIS observed the AR duringrumentation. We believe that a factor of 2-3 increasesisjue
10:50-11:50 UT. We compare in Fig. 8 a full-resolution AlAo an increase in the iron abundance, rather than a derfétt,e
193 A image taken at 11:40 UT with the rebinned image, obs discussed below.
tained by converting the AIA observations into the EIS spati
and temporal resolution (the same already shown previpusly
We corrected for the AIA stray light using the results of Pealu There is an unresolved 3 MK bundle of loops seen inkge
et al. (2013). We note that the correction for the stray light with footpoints approximately aligned along the E-W dirent
significant (up to 50% changes) for some active regions and drhe bundle of 3 MK loops is also clearly visible with EIS (cf.
hances the contrast between the loop structures and the ba&dg. 4). We note that these loops are also clearly visiblesixit;
ground. although most of the emission in this ion is formed at 3 MK
Fig. 8 also shows profiles of the count rates along a segmamnid not at its peak formation temperature of 2 MK, as disalisse
shown in the images. Several loop structures appear nearlylvelow.
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Fig. 9. Top left: The full-resolution AIA images of the 2010 Oct 26 active regibhe two selected regions are shown (the larger on the 3 MK
loops, the smaller for the background), as well as a cut across the BdfiS. Top right: the corresponding radiances in a few EIS lines, gestic
from the AIA DEM modelling. Below: profiles of the count rates and radiances acrosshtél8ops.

8. Elemental abundances and path lengths for the is now quite well established (Del Zanna 2013), and the atomi
3 MK loops data for the iron lines are quite accurate now, there are tordy
improvements that can be applied to reduce the path length. T
A region within the centre of this 3 MK bundle of loops (afirst one regards ‘backgroufidreground’ subtraction. Clearly,
coordinates 110, 210, see Fig. 9) with no underlying obviogse 3 MK bundle of loops is embedded in an environment rich of
emission from e.g. moss regions was chosen for detalil anakyops at lower temperatures, plus some line-of-sight aonisast
sis using the Hinode EIS spectral lines. We obtained averag® MK. Subtracting this emission lowers the observed emissio
EIS calibrated spectra, and measured the average ele@mn ¢gneasure. Given the EIS resolution and FOV, there is a limited
sity from the Fexv lines and found 1% cm3. We note that the choice, so a small nearby region (wherexFeemission is low)
Fexiv lines are not formed at peak ion abundance, so the d&fas chosen (at coordinates 110, 180, see Fig. 9). Subiyahbtn
sities need to be obtained by calculating the theoretitasat emission from this region not only reduces the emission mea-
3 MK, something that is not normally considered in the literasure, but also increases the averaged density (which alsoes
ture. We obtained consistent results from other ions. the path length), to a value of about®®@m3, providing a path
We performed éeDEM modelling using the EIS iron lines, length of 54,
adopting at first the photospheric abundances of Asplundl et a The electron density was obtained using the ‘emissivity ra-

(2009). We then calculated the path length as described i technique (see Del Zanna et al. 2004 for details), whih

Section 4, by integrating th®EM in the log T[K]=6.3-6.6 ;qes the observed intensity of a linky) by its emissivity:
range and considering a density of®20cm™. We obtained y ket by 4

3507, an unreasonable number, considering that the size of the
bundle of loops as seen in the plane of the sky is only of the (E _ lepNe C ®)
der of 20’ (see e.g. Fig. 9). Considering that the EIS calibration’! N;j(Ne, Te) A
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Table 2. The present hot core loops abundances EIS Fe XIV — 3 MK loops (3 MK)
3.0
1 1 (1-10,252.20 A %P, ;,—%P; ;) 1op=35.00
El PhOt Coronal Present FIP (eV) 55 1 2: (1,9’257_39 A vaz,?pvz) ls=50.00
T 3. (2-10,264.79 A 2Py ,,—?P; ;) 1=167.00
H 1212 12 13.56 1 4: (2-9,270.52 A ZPS/Z/—ZP,/Z/) )\0579-50
C 8.43 8.59 - 11.26 .2 2.01 5: (1-8,274.20 A P, ,=7S, ;) (bl Si VII) I,,=166.0C
N 7.83 8.0 - 14.53 ke ]
O 869 8389 - 13.61 - ]
Ne 7.93 8.08 - 21.56 3 197, s
Mg 7.6 8.5 8.10 7.64 @ 11
Al 6.45 7.04 6.95 5.98 E 1.0 S 245
Si 751 8.10 8.00 8.15 ] 1
P 541 - 5.41 10.49 0.5
S 712 7.27 7.17 10.36 ]
Ar 6.40° 6.58 6.30 15.76 0.0 1
K 503 - 5.53 4.34 ’ ' ' ' ' ' '
Ca 6.34 6.93 6.87 6.11 8.0 8.5 9.0 9.5 7;0.0 10.5 11.0
Cr 564 - 6.14 6.78 Log Ne [em™]
Mn 543 - 5.93 7.43
Fe 750 8.10 8.00 7.87 501 5‘5 S Xl = 3 MK loops (3 MK)
Ni 6.22 6.84 6.53 7.63 o 1: (3-12,246.90 A °P,—%P,) 1,,=7.56
251 2: (1-8,281.40 /:x 3Py=D,) 15,=4.70
1 3. (2-7,285.82 A *P,-%D,) 1,,=6.90
Notes. Photospheric (Phot) abundances are from Asplund et al. (2009), 13
the coronal ones from Feldman et al. (1992). Ar and Ne do not have = Z-Oé
photospheric measurements. ; 1
E 1.5 A
@ ]
calculated at a fixed electron temperatilig€at 3 MK) and plot- E 1.0
ted as a function of the density. (C is a scaling constant); 1
is the population of the upper level, whikg; is the transition 0.5
probability of spontaneous emission. Onlyxre and Sxi pro- {2
vide useful diagnostics because the lines are strong in a 3 MK 0.0 1]

plasma. The two ions provide similar densities, as shown in 8.0 8.5 9.0 95 100 105 11.0

Fig. 10. There are other density-sensitivexMiand Cav lines Log Ne [em™?]
but they are weak, confirming that the density is not highanth
10°% cm3, Fig. 10. Emissivity ratio curves relative to the main fe and S« tran-

The reduction in the path length is significant but not engugsitions observed by Hinode EIS on the bundle of 3 MK loops of Fig. 9.
so reasonable path lengths are obtained only by increaseng t
iron abundance. We adopted a reasonable increase of 0.5 dex
(a factor of 3.16 increase), providing a path length of .1Trhis _ . .
is a reasonable value, close to the overall size of the bufdleNl XV1, @nd Nixvr lines are all formed around 3 MK (see the
loops, and that implies a spectroscopic filling factor clmsene. effe_cuvg temperatures in Table 3). We recommend that the fol-
We note that the factor of 3.16 increase is consistent with ty 10wing lines are used for future studiesxi«t 208.109 A, Arav
cal X-ray measurements of the relativéF® and NgFe ratios 194.396 A, Cauv 193.866 A, Far 278.286 A, Sin 288.421 A,
(which will be discussed in a separate paper), assuminglbat Sxm 256.685 A, Nixv 176.710 A, Nixvi 195.271 A, Nixvn
high-FIP elements have the photospheric (Asplund et al9p0®49.185 A. The Ru 278.286 A is weak but is the resonance
abundances. line for this ion, so &ectively the EIS measurement provides an

Having fixed the iron abundance to 8.0 dex (on the usudPper limit to the P abundance. A similar argument applies to
logarithmic scale where hydrogen is 12), we then used ttee Kxm 208.109 A resonance line and thei€210.611 A line.
DEM modelling to find the abundances shown in Table Zhe strong Cav 200.971 A is at odds with all the other ones,
Fig. 11 shows thdEM obtained with the spline method fromindicating possible problems in the calcium ion abundamces
the background-subtracted intensities. For comparisbagso with the atomic data for this ion, or the presence of an unknow
shows theDEM obtained from the same set of abundances bboiend.
without subtracting the background. TB&EM is very well con- The lower-temperature Aa is at odds with the other ions.
strained by strong lines from all the iron ionisation stafyfesn  This could partly be due to fierent abundances in the lower-
Fevin to Fexvi. The Fexv lines provide a constrain at highertemperature plasma, as thec 8bundance seem to suggest as
temperatures. ThBEM is nearly isothermal, centred at 3 MK, well. The present abundancestdi significantly from previous
and with a peak value two orders of magnitude higher than tleanonical’ coronal and photospheric abundances, as slown
emission measures at lower or higher temperatures. Table 2. We note that we obtained a sulfur abundance close

Table 3 summarises the results for the strongest lings.the photospheric value suggested by Asplund et al. (2009)
Excellent agreement between theory and observations iglfouwhich means that the 3 MK loops had a FIP enhancement of
although we remind that discrepancies of factors of two aB16. Sulphur has in fact a relatively high FIP and its abuicda
present if the EIS ground calibration is adopted. The abooeks variations follow those of the higher-FIP elements. Themabu
of K, Ar, Ca, P, S, and Ni (relative to iron) are well constexl dances of Ar and P (two high-FIP elements) are also closeeto th
since the Kkmi, Arxmr, Arxiv, Caxiv, Pxi, Sxu Sxm, Nixv, values suggested by Asplund et al. (2009), although we hate t
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Table 3. Observed and predicted radiances for the 3 MK loops. Table 3. Contd.

Aobs lobs  Tmax  Tert R lon Aexp r Aobs lobs  Tmax  Ter R lon Aexp r

176.69 189 6.40 6.47 1.06 KV 176.710 0.99 246.20 19.1 6.25 6.35 1.02 Ekm 246.209 0.99
177.23 40.8 6.05 6.11 097 ke 177.240 1.00 246.90 76 6.27 642 072 8 246.895 1.00
180.39 629 6.13 6.17 106 ke 180.401 0.99 249.17 199.0 6.48 6.49 0.76 Nin 249.185 1.00
183.45 91 656 6.50 094 Arv 183.450 0.13 251.06 137.0 6.43 6.49 086 Fke 251.063 1.00

Caxiv  183.460 0.87 251.94 513 6.25 6.35 0.73 Ekm 251952 0.99
18453 19.9 6.05 6.13 0.88 ke 184.537 0.94 252.19 354 6.29 6.44 102 ke 252199 1.00
185.22 407 573 6.39 089 kit 185230 0.74 254.87 57 6.74 6.49 109 ken 254.885 0.94

Fevin 185.213 0.25 Fexm 254,905 0.06
185.66 21 6.40 6.46 110 Nv 185.696 0.88 256.67 200.0 6.42 6.48 1.04 x4 256.685 1.00

Ni xv 185.690 0.06 257.38 504 6.29 6.44 111 ks 257.394 0.99

186.61 274 572 6.39 076 Q& 186.610 0.70 261.05 9.2 615 6.25 120 S&i 261056 1.00
Fevin 186.598 029 26298 2250 643 6.49 093 FKka 262976 1.00
188.21 409 6.13 6.17 0.86 ke 188.216 1.00 264.23 8.7 618 631 0.78 xS 264.230 0.98

188.49 84 595 6.06 088 Ke 188.450 0.08 264.78 167.0 6.29 6.43 0.96 ke 264.788 0.98
Mnix  188.480 0.06 265.00 219 6.43 6.49 093 ke 265.000 1.00
Ferx 188.497 0.83 270.51 795 6.29 6.44 101 ko 270.520 1.00
188.80 6.0 6.27 6.44 043 Ar 188.806 0.97 271.98 120 6.15 6.25 0.83 Si 271.992 0.99
189.93 37 594 6.06 107 Kke 189.925 0.09 274.20 168.0 6.29 6.44 0.92 ke 274.203 0.99

Ferx 189941 0.89 275.36 84 579 592 0.63 &i 275.361 1.00
191.40 45 651 648 0.79 Arnv  191.404 0.62 277.25 72 615 6.25 115 Si @ 277.264 1.00
Fexv 191.412 0.34 278.26 24 632 6.46 071 xm 278.286 0.99

19239 214 619 6.25 096 ke 192394 1.00 28140 47 628 642 088 xp 281.402 0.99
192.81 91 6.13 6.16 0.88 ke 192.813 0.95 284.15 2510.0 6.34 6.47 105 ke 284.163 1.00

193.87 232 657 6.50 096 G@a 193.866 1.00 28582 69 627 641 094 x5 285822 0.98
194.05 32 6.19 6.46 1.18 it 194.046 0.88 288.15 144 644 6.48 1.02 kv 288.165 0.98
Eexu 194.078 0.08 288.40 319 635 6.46 0.92 x8 288.421 1.00

194.41 55 654 649 099 Arv 194396 0.99
195.11 654 6.19 6.25 100 ke 195119 0.99
195.26 78 6.02 645 095 Nt 195271 0.88
195.54 16 6.08 6.46 083 N 195521 0.93 suggested here), and the iron abundance as 7.85 dex (only 30%
200.99 147 6.64 650 056 &a 200971 0.98 |owerthan the present value).
202.04 379 6.25 6.36 1.09 ks 202.044 1.00
204.65 52 6.74 650 1.05 ken 204.668 0.99
20592 0936 546 6.45 087 Am 205950 0.81 DEM 3 MK loop
Fexm 205.914 0.07 23F ‘ ‘ ‘
208.12 40 550 6.48 051 Xu 208.109 0.90 E
Nixv ~ 208.154 0.07
208.31 46 6.19 643 082 Ga 208.321 0.65
Fexu 208.316 0.33
208.63 49 6.24 6.43 082 Ga 208.604 0.51
Fexm 208.667 0.39
Crvim  208.633 0.05
211.31 2130 6.30 6.44 105 ke 211.317 1.00

log DEM [ cm™K™ ]

Notes. Aqs (A) are the observed wavelengths,s the background-

subtracted Hinode EIS radiances (photons<en' arcsec?) obtained 17k ! ‘ ‘ ‘ ‘ ]

with our new EIS calibration (Del Zanna 2013)},.x and Tz the max- 5.6 5.8 6.0 6.2 6.4 6.6 6.8

imum and &ective temperature (log values, in K; see teR}he ratio log T [K]

between the predicted and observed radiances, Ion@gﬂ) the main

contributing ion, and the fractional contribution to the blend. Fig.11. The DEM of the 2010 Oct 26 active region 3 MK loops,

obtained from the background-subtracted intensities, with the present
coronal abundances. The points are plotted at the tempefatureand

e theoretical vs. the observed intensity ratio multiplied by the DEM

phOtOSphe”c.: mgasurements of argon do not_ exist, an_d remﬁéﬂ]e. The grey thick line shows tH2EM obtained directly from the
that the Ru line is weak, so the P abundance is uncertain. EIS intensities without background subtraction.

If we return now to the issue of the iron absolute abundance,
we note that it could be higher than 8.0 dex (and the filling fac
tor smaller than one), but then the abundances of the high-FI
elements would also have to be higher than photospheric. Weni-c
also note that direct line-to-continuum measurementsimodxda
from ground-based eclipse observations by Mason (1976) alkhe most direct way to address the issue of the existence{pr n
suggest an increased calcium and iron abundance by a fdctoofosub-resolution structures in active regions is to atyuake
about three, close to active regions. Mason (1975) measiieedimages and spectra at higher resolution. Hi-C, during its su
calcium abundance as 6.8 dex (i.e. only 15% lower than theevakessful flight (Cirtain et al. 2013), obtained coronal imagé
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100 SDO AR 195 11=Jul=2012 18:95 UT Considering the multi-thermal nature of the 193 A band dis-
cussed previously, a proper physical interpretation ofHRE€

193 A images requires at least soMEM modelling. We there-

fore performed thé&©EM inversion on the full Hi-C FOV using

the AlA data, adopting the present coronal abundances and a
constant electron density ok20° cm3, a typical average AR
value.

We then selected three regions (R1, R2, and R3 shown in
Fig. 12) where some coronal loop legs are present. Fig. 18sho
region R1, which contains several loop legs that appeatuedo
in the 131 A (Fermr) and 171 A (Fex) images. The positions of

? seven cool loops are indicated with dashed lines in the peoifil
. & ; ‘ Fig. 13. According to th&EM modelling, these cool loops are
&& emitting in Fevir and Fax, and are still visible around 1 MK
(see the Fe image), but at higher temperatures (see thenFe
image) they disappear. Instead, other structures appta iime
of sight at temperatures at and above 1 MK. The strongest cool
emission is concentrated between 10 and, 2here theDEM
Z400 —300  —200  —100 0 100 modelling predicts a deplethn o]‘ the hotter;&mnq especially
_ ) _ ~ _Fexiv. Such thermal structuring in active regions is common (al-
F'gi(lz'ﬂ.Thlf AR has ‘f’bservled '”dthe AlA 193|f‘ ?a”d df”””g thle Hi-Ghough not ubiquitous). It was already seen in Skylab EUV ob-
lrggpgt Ight, with a few selected regions at the legs of several corongl ations (see, e.g. Foukal 1975) and SOHO CDS (Del Zanna
' & Mason 2003), although with a much lower resolutiofi)5
The Fexn and Fexiv predicted images show a moretdse,

an active region at the highest resolution to date (0.2bout unresolved emission. The AlA and Hi-C 193 A images show
five times better than AlA) in a broad-band very similar to thBoth the resolved cool emission (mainly due toviieand Fex)

AIA 193 A one. This band does not show the hot core loops, bt the unresolved 1-2 MK emission. It is interesting to note
is useful to discuss the 1.5-2.5 MK background emissiol, SbE]at there are very "tt"? fﬁergnces in the A'A and .H"C Images,
unresolved at the AIA resolution. Hi-C could in principlesal despite the factor of five higher resolution of Hi-C. Thisiind

provide information on coronal loops that emit at these temp Cat€s that the hotter emission is not resolved even at the Hi-
atures, but unfortunately the FOV only included the footp®i resolution, yvh|le the .cooler emission 1 already resolvetha
and legs of a few warm loops, and not their full extent. The ARIA resolution. This is not an instrumentaffect, because the
observed by Hi-C was very dispersed, had a large number!@f/-lying moss emission is clearly much better resolved by H
filaments, some very hot (10 MK) loops, and a large numb&r (Cf- the lower right corner of the images in Fig. 13).

of moss regions. The features discussed in Cirtain et al3p0, _All the other coronal loops in the Hi-C FOV show similar
were probably low-lying ones associated with a large ﬁ|anme|§eatu_res. As in the other ARs we have analysed, t_here are ofte
and not clearly with coronal loops. locations where cooler and hotter loops are intermingled.

A direct comparison of the Hi-C and AIA 193 A images im-___F19- 14 shows region R2, where six cool loops appear as
mediately shows the much higher resolution of Hi-C, but anly nearly resolved by AIA. Again, there is littlefierence between

the low-lying (e.g. not properly ‘coronal’) moss regionadan the Hi-C'and AIA 193 A images. But in this case there is no
the low-temperature filament structures, since the pronuiee Cl€ar anti-correlation between the locations of the cotteps
corona transition region emits strongly in co®l €1 MK)) lines andFt_he ;greﬁ,olved h|gherF-2t§mperature %”?'Srft"l’”- f |
observed by the 193 A band. That filaments have a very fipe " '9- -2 SNOWS région <3, on a very bright leg of a corona
structure has been known from ground-based observatidres. Op. Itis quite clear that_ the st_rong cool emission is casgf
fine structure of the moss emission confirms the fine-straattir Of at least three loops, visible in Fer and Fax (AIA 171 A).

the loops that are connected to it. It is also quite clear that some fainterfférent loops are present

In all the other regions, very little fierences between thein the 1-2 MK range, as seen in kie These loops are not co-
Hi-C and AIA 193 A images are present, indicating that any yspatial with the cooler ones and are visible in both the Al an
. i-C 193 A images. In this case, these hotter loops appear as

resolved emission in the AIA images is still unresolved a& th' . - ;

Hi-C resolution. Some examples are given below. slightly better resolved in the Hi-C 193 A images.
First, we have processed the AIA full-Sun images, adjust-

ing their plate scale and correcting for the stray light, as d ;

scribed previously. We then averaged the AlA images duringlg' Summary and conclusions

minute, at 18:55 UT. We took the simultaneous Hi-C level 1% is clear that significant advances in our understandinthef

data (as available form the Virtual Solar Observatory), avef- thermal structure in active regions can be achieved by coimipi

aged the exposures obtained at 18:55:02, 18:55:08, an8:18:5 high-resolution imaging with spectroscopy and atomic dét@

UT. We applied the suggested rotation (-1.81969 degregs, khave analysed several active regions, but showed here éaly a

word roll_angle), and then checked the co-alignment of the Hi-§klected examples. Clearly, not all active regions are dhees

data with the AIA 193 A image by plotting one image over theowever several new important results have emerged from our

other one in a few sample moss areas. The moss areas aresthall sample:

best because are clear low-lying bright features. We fohied t1) we have verified that our new Hinode EIS radiometric cali-

need to apply a small shift of’ltowards the W direction and 1.5bration is in very good agreement with the SDO AlA pre-flight

" towards the N direction. and EVE in-flight calibrations. This gives us confidence ia th

—200

—300

—400

—500

—-600

—700 B b e e e b b
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Fig. 13. Above: the region R1, as observed by Hi-C, by AlA, and as predictad the AIADEM modelling. Below: profiles (averages over’1.8
in DN/s) along the segment indicated in the images. The position of a few cod isopted.

present and future results. Some discrepancies are présgnt5) We have shown the fiiculty in estimating the Fevin contri-

they are within the combined uncertainties of the absolate ¢ bution directly with theDEM modelling (first method). A bet-
brations of the AIA, EVE and EIS instruments (about 25% eachgr way is to subtract the various contributions to the oleser

2) We have verified that the atomic data we have provided foount rates in the 94 A band (second method). We used EIS spec-
the EIS and AlA instruments are now accurate anicently troscopy and atomic data to provide a way to obtain rough esti
complete, with the exception of the AIA 211 A band. mates of the Fevir emission in the 94 A band using only AIA

3) We have confirmed the multi-thermal nature of the AIA EUVata (third method). We showed that:&er emission is some-
bands, also in quiescent AR observations. In the cores of ARses present in the cores of ARs, although this is oftene@us
only the 171 and 335 A bands are relatively isothermal. In thy 3 MK and not by 7 MK plasma. The same applies tofe

193 and 211 A bands, only about half of the counts are due@Blission. These new results should be taken into account whe
Fexn and Fexiv. We have provided ways to use the AIA datiSing the 94 A band to diagnose the presence of hot plasma. We
to roughly estimate the various contributions. Significanin- Showed the various complexities related to the calciunslinad
tinuum emission is present in the 94 and, especially, theﬁ;L31the surprising fact that Gevu is often not observed when ke

band, confirming our previous suggestion (O’Dwyer et al®01 'S Present.
There is evidence that coronal abundances are more apgiepri
than the photospheric ones for the cores of active regiansf b
the latter were the correct ones, the continuum contributiio
the 131 A band could be as high as 50%. The discussion of
various contributions to the AIA bands, based on the EIStspec

and the atomic data, was key to the proper use of the AlA dg{g,ns e performed seveEM analyses on a few ARS cores
for DEM modelling. i ) and obtained similar results. The path lengths obtained fre

4) After two years of atomic data calculations and benchmarkensities and emission measures indicate that the abueslanc
we have finally obtained a good agreement between obseamsatigs the [ow-FIP elements are enhanced, compared to the photo-
and predictions for the AIA 94 A band. We confirm our (Dekpheric values, by at least a factor of 3, which implies spect
Zanna 2012a) suggestion that the newly identifiediF83.61A  scopic filling factors close to 1. If we assume that this isad re
line is the dominant contribution to the 94 A band in any ARneasure of how the plasma is distributed along the line ditsig
observation, whenever ke is not present. Studies of hot AR(see Judge 2000 for caveats), this suggests that we aréastill
emission should take this into account. from resolving the substructures in the 3 MK loops.

6) We provided what are to our knowledge the first consistent
measurements of electron densities and elemental abueslanc
sample of 3 MK loops. They are significantlyffdrent than
vious measurements. Low-FIP elements such as iron are en
anced by about a factor of 3, compared to the high-FIP ele-
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Fig. 14. Above: the region R2, as observed Hi-C, by AIA, and as predicted free AIA DEM modelling. Below: profiles (averages over’1i@
DN/s) along the segment indicated in the images. The position of a few cod isopted.

7) We have presented a neldEM method customised for lute iron abundance to increase, it follows that a factor-&f @n-
analysing AlA observations. The comparison with directcspehancement in the observed emission is just due to this abeada
troscopic observations from Hinode EIS is truly remarkapte-  variation and is not due to increased densities or temp@astu

viding confidence in using AIA for studying the thermal stuc |0 summary, the picture that is emerging is that of variable
ture of ARs using the present method, atomic data, and Gavegfhundances within the fiiérent features in active regions. This
8) We often found, from th®EM modelling at the AIA reso- is an important issue which complicates the interpretatiche
lution (1), that loops emitting at dierent temperatures are noobservations, and that deserves further analysis.

co-spatial, as we also saw at much lower resolution with SOH(®) We found very little dierences in the AIA and Hi-C 193 A
CDS (Del Zanna et al. 2006). To undoubtedly identify theisppatimages of coronal structures, despite the factor of fivedrigas-
location of all the loop structures visible along the linesafht  o|ution of Hi-C. The AIA DEM modelling indicates that there
would probably require stereoscopic isothermal measun&snejs cool emission (mainly due to Fer and Fax) in the Hi-C
though. images which appears to be already nearly resolved at the AIA
9) The AIADEM modelling at I’ resolution indicates that warm resolution. The Hi-C images also contain hotter (1.5-2.5)MK
loops (up to 1 MK) are nearly resolved, and have very littleksa emission which in most of the places appears as unresohied as
groungforeground emission. It also indicates that the emissidhe AIA images. This suggests that fundamental sub-strimcfu

at 1.5-2.5 MK is progressively more unresolved, and that-it iis well below the 0.25 resolution at these temperatures.

creases towards the core of ARs. This unresolved emissien wa Understanding the multi-thermal structure of active ragio
found to comprise about 80% of the emission in TRACE arig clearly a complex issue. One key issue that is currently de
SOHQCDS observations (Del Zanna & Mason 2003). The AlAated in the literature regards the temporal evolution efvér-
DEM modelling suggests much lower values. We recall that thisus structures. For example, are some of the warm loops hot
reduction is mainly due to the lower stray light of the AlAd¢el 3 MK loops observed while they are cooling? This is an even
scopes (compared to TRACE) and to their higher spatial iesoore complex issue that will be partly addressed in a separat
tion (compared to CDS and EIS). publication, although it is really at the limits of curremistru-

The observations of the 2 MK unresolved emission in an agientation.
tive region (Del Zanna 2012b) showed increases by abouta fac Our SOHO CDS observations showed that the majority of
tor of 2—2.5 of the iron abundance, compared to say argon. Tthe observed warm loops are long-lasting, i.e. do not appear
absolute values (i.e. relative to hydrogen) are not knowhjfb to cool down or heat up significantly over timescales of hours
we assume, as in the case of the 3 MK loops, that it is the ab$Del Zanna et al. 2006; Cirtain et al. 2007). Our results are i
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