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Abstract. Due to the wide range of wavelengths examined and to the high angular and temporal resolution, TRACE allows one
to carry out a spatial and temporal analysis of active regions during highly transient phenomena such as flares. This provides
new input to the study of the mechanisms involved in these phenomena. We have studied 3 flares that occurred in AR 8421
between 29 and 30 December 1998 by comparing white light, 1600 A, and 171 A images obtained by TRACE with BBSO
H. images, Mitaka magnetograms and Yohkoh hard X-ray data. The flares, characterized by sudden intensity enhancements in
EUV loops and by moss brightenings, have been interpreted in the framework of the two canonical flare models: i.e. simple loop
and two ribbon flares. Our analysis has shown that flare No. 1 may be interpreted as a two-ribbon flare triggered by reconnection
between a sheared arcade and a new emerging flux tube. The analysis of flare No. 2 strongly supports the model of two-ribbon
flares characterized by reconnection occurring at higher and higher levels as time proceeds. Finally, the analysis of flare No. 3
has given the opportunity to relate moss brightening with a probable process of chromospheric evaporation.
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1. Introduction (Te ~ 1-2x10°K; | ~ 2-20x10% cm;Ne ~ 2x108-10° cn3;
~ Em ~5x 10?-5x 10%® erg).
Several authors have suggested that fidlgs-(5- 50x 1P°K; Understanding the mechanisms involved in these phenom-

| ~ 10°-109 cm; Ne ~ 109-102 cm3; By, ~ 107°-4 x X .
10°2 erg) are often caused by an interaction between Cor%r]ahas greatimportance also in the context of the coronal heat-

nal loops and that the current sheet, which releases the ilig question. Several authors (Krucker & Benz 1998; Parnell
ergy, lies along a separator between the two magnetic bipo é]upp 2000) have suggested that the energy content of the

(Machado et al. 1983; Mandrini et al. 1991, Inda-Koide et a§mallest (yet undetected) flares could béisiently large to ac-

1995; Hanaoka 1996; Machado et al. 1998a,b). Yohkoh o ount for the heating of the corona. In this regard, we recall that
servations have indicated that both in large two-ribbon flareélrl.(er (1988) suggested .that random photospherlg: fqotpqmt
otions may cause shearing of the coronal magnetic field, in-

(Tsuneta et al. 1992) and in compact flares (Masuda et et L L 2
1994), there is evidence for reconnection. From some of thj(?s cing many tangential discontinuities whose dissipation may

observations it has been proposed that a very high tempera egt the corona.

ur _ .
region, situated above the flaring soft X-ray loops, is heated by 1herefore, it seems that flare activity across the energy

fast shocks originating in flows from a high-lying reconnectio_ﬁpeCtrur_n’ i.e. from na}nofla_lres to big flares, and coronal hea_lting
site. itself, might be explained in the framework of a reconnection

Shibata (1997) has built on previous suggestions (Sturrd@?del (Priest & Forbes 2000, 2002). Nevertheless, this model

1980; Moore & Roumeliotis 1992; Forbes & Priest 1984) tBeeds to be developed much further so as to include the alti-
present a unified model based on the magnetic reconnectiéfe Versus time plots for hard and soft X-ray andfldre loop
ctures, the role of shocks in heating plasma and accelerating

process to also explain less energetic transients such as x4 ) : .
ticles, the mechanisms of energy transport during the early

jets, EUV jets, X-ray plasmoid ejections and microflares+ pa . ) :
2-10x 10° K: | ~ 5-50 x 108 cm: Ng ~ 10P—100 c-3; phase of reconnection and the evaporation of chromospheric

E ~ 1075-2 x 10%° erg). plasma into the post-flare loops.

Recent observations with EUV imaging instruments such N this scenario, the Transition Region And Coronal

as SOHQEIT have given further evidence for flare-like proEXPlorer (TRACE), owing to its high angular and temporal res-

cesses, named nanoflares, at the bottom of the energy s@Y4tion, gives an important contribution to the understanding of
these and other phenomena occurring in the outer solar atmo-

Send gfprint requests toF. Zuccarello, sphere. Up to now, TRACE has shown that the solar transition
e-mail: fzucca@alphad.ct.astro.it region and the corona are filled with loops that evolve rapidly in
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temperature and density and which may have an apparent diantit. The 30-cm aperture TRACE telescope uses three normal-
eter comparable to the angular resolution of the telescope (eumridence coatings for EUV imagery and one for UV on cor-

if it is reasonably expected that the presently resolved struesponding quadrants of the primary and secondary mirrors.
tures may have unresolved substructures) (Golub et al. 1988¢erference filters isolate five UV bands. The images are
Schrijver et al. 1999). coaligned and internally stabilized against spacecraft jitter. A

The analysis of TRACE images has shown that flares miynigen coated 1024 1024 CCD detector collects images
range in size from very small events in the quiet Sun to maver an 8.5x 8.5 arcmin field of view (0.5 arcsec pixels)
jor flares in active regions, and that they are often associatd@drbell et al. 1994; Handy et al. 1999).
with plasma flows. After the initial phase, compact bright flare The instrument collects images of the solar plasma with
loops appear; they are brightest at their tops and in most cages arc second spatial resolution at the following wavelengths:
they disappear in a few tens of minutes. Other flare loops, idi71 A, 195 A, 284 A, 1216 A, 1550-1700 A and white light
tially present as short stub ends of loops often moving outwafgke Table 1 for details on ions responsible for the emission,
from the flare site with velocities of 10 to 20 kmi's grad- bandwidth, temperature ranges, corresponding locations in the
ually appear as more complete structures that live for housslar atmosphere and typical exposure times).

Aschwanden et al. (1999) have shown that, during flares, loops The original images taken by the TRACE telescope must
may oscillate. be corrected for instrumentaffects. The first step is to sub-

Moreover, the analysis of TRACE 171 A images has réract an image of the dark pedestal (Analog-Digital-Converter
vealed the presence of a bright reticulated pattern of em{aDC) offset) by means of the standard Solar Software (SSW)
sion over active region plage areas, nameats(Berger et al. provided by the TRACE team (Freeland & Handy 1998). The
1999a; Fletcher & De Pointieu 1999; Martens et al. 1999)edestal and dark current value of the images is automatically
which consists of bright EUV emission elements 0r31x obtained by the IDL routine TRACIPREP in DN, where 1 DN
10° cm scales interspersed with dark holes of similar size (chie-the basic data number unit which corresponds to an ampli-
mospheric jets or spicules visible in,H Moss is confined to fier gain of 12 electroriBN (for default amplifier A, Handy
a thin layer of thickness of the order of 8@m with a base etal. 1999), and each electron corresponds to a detected photor
height approximately.5-2 x 10° cm above the photospherethat passes in the lumigen coating. The flat-fielding correction
The temperature is betweer601.6 x 10° K, the pressure is for bad pixels caused by dust particles on the fused silica filter
0.7-1.7 dyne cr? and the electron density is about 2—3 timeis the aft filter wheel should be done only for white light im-
higher than that measured in nearby coronal loops (Berger eizgles, as it is not necessary for EUV images (Aschwanden et al.
1999b). Moss EUV elements interact with dark jets (spicule2p00b).
visible in H, on a time scale of the order of 10 s while patches A further correction must be made for hot pixels, caused
of moss persist for times of the order of 10 hr. The moss ligy electrons which are not properly flushed out after the CCD
dynamic on time scales of 10-30 s due to intrinsic changesadout and which produce a high readout current which
in brightness. This temporal variability suggests that the eremains high for some period of time. The next step is a cor-
ergy source of these intensity changes occurs relatively locaiction for radiation spikes due to cosmic rays, which can be
(height< 10° cm) (De Pontieu et al. 1999). obtained by the Solar Software routine TRAGIREP, which

Focussing on both themes, i.e. magnetic reconnection in aptionally replaces a spiky pixel (with an excess flux of 15%
teracting loops and the physics of moss, we have examined selative to the local median value) with this median value
eral TRACE images and carried out a detailed analysis of (fefined by the nearest 8 neighbours inra3pixel area around
loop behaviour during flare evolution, looking specifically ahe spike).
phenomena that may be caused by interacting loops, and (2)
behaviour of the moss during flares. In this paper we descr
the evolution of 3 flares observed in AR 8421 on December
and 30, 1998 (Zuccarello et al. 2001a). We describe the procedure used to the determine the follow-

In Sect. 2 we describe the characteristics of the TRAQRg physical parameters : emission meadtiM, electron den-
telescope. In Sect. 3 we give a short description of the georséy Ne, pressurd®, thermal energ¥,. We calculate these pa-
try we utilize to calculate some physical parameters. In Sectrtatneters in two dferent geometrical configurations: loops and
we describe flare loop models. In Sect. 5 we discuss the chaess. For the first configuration we consider the loops as hav-
acteristics of AR 8421 during the period we have analyzed.iimy cylindrical shape, with andr indicating the length and
Sect. 6 we present the description of the TRACE image pn@&dius of the cylinder, respectively (see Fig. 1). In particu-
cessing. In Sects. 7-9 we describe the evolution of the flatas we consider sections with= 8 pixels ~ 2800 km and
observed in AR 8421 and in Sect. 10 we discuss the results 1 pixel ~ 350 km. For the second configuration we deter-
obtained and we draw our conclusions. mine physical parameters in portions of moss with cubic ge-
ometry having sid®, whereb = 8 pixels~ 2800 km.

The flux f (or photon count rate) emitted by an optically
thin plasma is proportional to the emission measure EM at
the peak temperature of the instrumental response function.
TRACE is a NASA Small Explorer mission launched irTherefore, if DN)ay andrespiz1y represent the average Data
April 1998 on a GSFC SMEX spacecraft in a Sun-synchronobsimber (per unit of pixels and time) and the instrumental

gg Physical parameters

2. Instrument characteristics and standard image
correction
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Table 1. TRACE temperature ranges and exposure times.

Wavelength Emission Bandwidth Temperature range Atmospheric Typical exposure time
A A (K) location (s)

5000 White light broad DHx10°-6.4x 1C¢° Photosphere 0.006

1700 Continuum 200 Bx10°-1.0x 10 Chromosphere 5

1600 UV cont, CI, Fell 275 Hx10°-1.0x 10¢ Chromosphere 0.5

1216 Hl Lya 84 10x 10*-3.0x 10* Chromosphere 1

1550 CIv 30 63x 10°-25x 10° Transition Region 14

171 Fe I¥ X 6.4 16x 10P-2.0x 1¢° Corona 15

195 Fe XIj XXIV 6.5 5.0x 10°P-2.0x 10° Corona 15

284 Fe XV 10.7 5% 10P-4.0x 1¢° Corona 80

—

/)

Fig. 1. Loop model with cylindrical symmetry.andr are the length ff\\ vl \'

and radius of the cylinder, respectively. @ )

Fig. 2. Schematic drawing of a flare loop belonging to an arcade, dur-
. ing a two ribbon flarea) shows a hot cusped loop created by recon-
respons_,e function of the TRA(_:E_:L?l A Wavelgng'Fh passbarp] ttion below an erupting prominends; shows a higher and larger
respectively, the observed emission measure is given by (LeRag fiare loop and plasma draining.

et al. 1999):

Mz PCNav s
résQizy)

(1) 4. Flare loop models

In the following we will adopt resgiz) = There are two mgin types o_f fIare loop that are rele\{ant i.n our
10-2’DN/pixel/s’/EM (obtained forT = 1.0 x 10°f K). TRACE observations. The first is a flare loop that arises in the
Moreover, we defindEM; as the surface emission measuré*,‘ain phase of an eruptive two-ribbon flare. It is one of a whole
ie. EM; = EM A whereA is the area of half the curvedarcade of loops that rises in time and joins the classieal H

cylindrical surface & = = r 1) for loops, whileA is the area flare ribbons. With TRACE one might expect to see such loops,

of one cubic face& = b?) when the region being analysed iwvhose location rises in height as time proceeds and the overly-
the moss. ing reconnection pointrises. Such loops are cooling from much

Then the volume is: higher temperatures. In_addition at temperatures of 1 MK_, one
may observe the footpoints of the much hotter loops forming a

V=nrl (2) pair of ribbons above theddribbons either side of the polarity

. inversion line.
for the first case, and: The overall scenario for the behaviour of this type of flare
V= b? 3) loop is shown in Fig. 2. First of all, reconnection below an

erupting prominence creates a hot (say 3 MK) cusped loop

(Fig. 2a) that is not visible at 171 A. It then cools and retracts

slightly when it may become visible in 171 A. Subsequently,

it cools further and drains and gradually becomes less visi-
EM;\2 4 ble at 1 MK. This whole procedure is repeated for many other

Ne = (T) m 4) loops at greater and greater altitudes as the reconnection point

L ) rises (Fig. 2b).
and the gas pressure is given by: The second type of flare loop is produced in a non-eruptive

for the second one.
The electron density is given by:

P=(2ks TONe dyne cm? (5) flare by the interaction of two loops at a quasi-separatrix layer
where reconnection takes place (Priest & Demoulin 1995;

wherekg is the Boltzman constaritg = 101586 erg K1 Demoulin et al. 1996). First of all, reconnection takes place
The thermal energy is: at some location along the loops. Heat may be dumped at

this location and there may be outflows from them both of
En = (3ks Te V)Ne erg (6) hot plasma and fast particles and conduction fronts, which
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Table 2. GOES events recorded in AR 8421.

/ Date Doy Start Peak Stop Class Op Location
23-Dec.-98 357 5:13 6:59 7:43 M23 - -
ﬂ 25-Dec.-98 359 5:31 6:34 7:27 M1.2 SF N30E66

29-Dec.-98 363 549 601 6:24 C2.2 SF N24E07
29-Dec.-98 363 7:39 7:44 7:50 C2.6 SF N26E10

29-Dec.-98(1) 363 9:23 9:41 9:53 C5.1 SF N27E13

by 29-Dec.-98 363 20:26 20:30 20:36 C2.0 SF N25E01

l 30-Dec.-98(2) 364 528 531 5:34 C2.9 SF N27WO01
30-Dec.-98(2) 364 5:26 5146 6:00 M1.0 SF N28E03

30-Dec.-98 364 8:26 829 832 Cl1.6 SF N27WO02

30-Dec.-98(3) 364 18:04 18:10 18:15 C1.7 SF N28WO06

01-Jan.-99 1 12:00 12:45 13:34 C3.4 SF N20W36

tc) 03-Jan.-99 3 18:59 19:03 19:07 C2.6 SF N21W67

(a)

Fig. 3. Schematic drawing of two interacting loogg.The arrows in-
dicate_heat flow and plasr_na _and particle motio_ns towards _the logR: \What type of flare loop is being observed? Is it a two-
{gg;p]?”'l?r:;mg Egt 3rerr?:§p'g‘i';i;%tfggsc":;g‘;:{;’zfgirr‘?s“0” and ribbon flare loop? If so, there may have been an erupting
' prominence, an arcade of hot loopsy libbons and an
upward (apparent) motion of the loop. Or is it a compact
non-eruptive prominence loop produced by reconnection at
a quasi-separatrix layer? In this case most of thifeets
would have been absent, but is there evidence of a possible
loop-loop interaction?
Bg: If two or more crossing loops are present, each should be
€ : cac
analysed separately and then the question arises: are they
indeed interacting or are they not? The heating locations in
both loops being at the crossing point would be evidence in
favour of an interaction. So would a simultaneous brighten-
ing of the two loops or a brightening of one followed after
a short delay by the other.

propagate rapidly down to the footpoints (Fig. 3a) and drive
evaporation (Fig. 3b). This fills the loops with hot (several mil-
lion degree) plasma that is not visible in 171 A. Then the loops
cool and drain, passing through the 171 A temperature regi
in the process (Fig. 3c). Thus generally at 1 MK one may se
loop only in phase (c) as it is cooling. It is also possible that a
loop may be observed in phase (b) as it is heating if the loop is
initially cooler than 1 MK.

If one loop is interacting with another, the source of heat in
both should be at the intersection point of the loops or at their
footpoints if fast particles dominate. Also a time delay of their
appearance at 1 MK in the two loops may occur if the loops a#& far as questior, is concerned, it might be objected that
initially at different temperatures or havefdrent lengths. most flares have a higher maximum temperature than what is

In summary: one model has filament eruptiorseen in 171 A, so they cool down when seen in 171 A, but
disappearance, rising loops, downflows and cooling loops. Thecasionally itis also possible to see a loop heating up to 171 A
other model has an interaction between two loops in whifbr a very weak flare.
both heat up and evaporate and then both cool and drain.

These considerations lead us to pose the following ques-aR g421
tions about flaring emission seen in TRACE at 171 A, so that
we may determine whether or not they are examples of oneVg¢ have studied 3 flares that occurred in an active region,

the above scenarios and what is their typical behaviour. AR 8421, characterized by quite a complex configuration and
by the presence of many large and small loops (see Fig. 4).

Q1: Is the emission in the form of a coronal loop? If not, IAR 8421 was seen rising at the east limb on December 22,1998
it located in a patch of moss on one side or other of tifaverage latitude 26 North) and setting on January 7, 1999.
polarity inversion line, and does it represent the coronal fdetiring its passage across the solar disk it showed a strong
of a hotter arcade of loops? flare activity: Table 2 shows the characteristics of 12 flares

Q,: Istheloop cooling or heating? Isit seen firstin 171 A or inbserved by GOES. We can see that most flares (8) occurred
the hotter 195 A? If it is cooling, the intensity of the wholdetween 29 and 30 December, owing to a magnetic configu-
loop may decline in unison, but if it is heating the intensityation characterized by three small delta spots spread along a
may increase first at the heating source and later both siggedominantly east-west oriented neutral line. Moreover, the
of the heating source. first three flares observed on the 29th, with a temporal cadence

Qs: If the loop is heating, what is the location of the heaif ~2 hours, were characterized by an increasing energy output
source? It may be identified either as the first location (from 22 x 103t0 5.1 x 103 erg cnt? s7%).
an intensity rise at 1 MK followed by a decline there and
a rise in intensity either side of it. Alternatively, there may Figure 4a shows a TRACE white light image of the entire
be (reconnection) outflows from the site or there may lvegion on December 30 at 18:29 UT, showing the high num-
evaporation towards that location. ber of sunspots present in the regiem6, as indicated in the
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@) (b)

(©

Fig. 4. Images of AR 8421 on December 30, 1983:TRACE WL image taken at 18:29 UTy) BBSO magnetogram taken at 18:53 UT;

¢) TRACE image at 1600 A taken at 18:29 Ud), TRACE image at 171 A taken at 18:29 UT (the numbers indicate the regions where major
changes take place during the flares). The field of view in TRACE image$5 000x 175 000 kn? (500 x 500 pixels). In all the images
north is on the top, west on the right.

NOAA Active Region Report); moreover, on that day AR 842hottom left have a pattern which reflects the regions of a more
has a total corrected area of 610 millionths of the solar hendiffuse magnetic field in the magnetogram of Fig. 4b.
sphere, a longitudinal extent of 13 heliographical degrees and In the 171 A image of Fig. 4d we can see that the region
is of Bys magnetic type. is characterized by the presence of both low-lying and higher

In Fig. 4b we can see the BBSO magnetogram taken mops, that there are holes in the 171 A emission which spatially
December 30 at 18:53 UT, which shows an uncommon typeagfincide with the most extended sunspots visible in Fig. 4a, and
magnetic inversion line which runs mostly east-west insteadtbft the moss is visible in fierent locations of the image. If we
north-south. Moreover, some intrusions of positive polarity ammmpare this image with Fig. 4b showing the magnetogram, we
visible in the left part of AR 8421. can see that the moss coincides with the regions of mdiese

In Figs. 4c and 4d we can see the images taken by TRA@®&gnetic field. The numbers reported in Fig. 4d indicate the
at 1600 (18:29 UT) and 171 A (18:29 UT), respectively, execations of the flares we have analysed.
tending over an area 0£175000x 175000 km (500 x
500 pixels). . .

The 1600 A image in Fig. 4c clearly shows the IocationGS' Processing the TRACE images
of the most extended sunspots. Moreover, outside the actie have analysed several sequences of TRACE images
region, the most strongly emitting sites on the top right araf AR 8421 in order to investigate the flares whose
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Table 3.Data on TRACE image sequences taken during the flares.

Flare number A Day Start time Endtime At Exptime Pointing Number
and phase A uT uT (s) (s) of image center  of images
N. 1 Pre-flare+Flash 171 1998-12-29 09:25:06 09:40:44 33 13.776 -277.4 5119 29

N. 1 Main 171 1998-12-29 09:41:17 09:53:20 33 13.776 -277.4 511.9 31

N. 1 Pre-flare+Flash 1600 1998-12-29 09:24:33 09:40:50 33 0.860 -277.4 511.9 30

N. 1 Main 1600 1998-12-29 09:41:26 09:59:39 33 0.860 -277.4 511.9 34

N. 1 Pre-flare+Flash WL 1998-12-29 09:24:37 09:40:54 33 0.003 -277.4 5119 30

N. 1 Main WL 1998-12-29 09:41:30 09:59:43 33 0.003 -277.4 511.9 34

N. 2 Pre-flare+Flash 171 1998-12-30 05:10:17 05:30:41 33 13.776 -2.8 503.6 33

N. 2 Main 171 1998-12-30 05:31:14 05:49:38 33 13.776 -2.8 503.6 23

N. 2 Pre-flare+Flash 1600 1998-12-30 05:10:23 05:30:50 33 0.860 -2.8 503.6 38

N. 2 Main 1600 1998-12-30 05:31:24 05:50:50 33 0.860 -2.8 503.6 35

N. 2 Pre-flare+Flash WL 1998-12-30 05:10:27 05:30:54 33 0.003 -2.8 503.6 35

N. 2 Main WL 1998-12-30 05:31:27 05:50:54 33 0.003 -2.8 503.6 37

N. 2’ Pre-flare+Flash 171 1998-12-30 05:10:17 05:45:47 33 13.776 -2.8 503.6 49

N. 2" Main 171 1998-12-30 05:46:20 05:49:38 33 13.776 -2.8 503.6 7

N. 2’ Pre-flare+Flash 1600 1998-12-30 05:10:23 05:45:52 33 0.860 -2.8 503.6 64

N. 2’ Main 1600 1998-12-30 05:46:26 05:50:50 33 0.860 -2.8 503.6 9

N. 2’ Pre-flare+Flash WL 1998-12-30 05:10:27 05:45:56 33 0.003 -2.8 503.6 63

N. 2" Main WL 1998-12-30 05:46:29 05:50:54 33 0.003 -2.8 503.6 9

N. 3 Pre-flare+Flash 171 1998-12-30 18:04:38 18:09:49 33 13.776 138.6 483.7 10
N. 3 Main 171 1998-12-30 18:10:22 18:29:37 33 13.776 138.6 483.7 34
N. 3 Pre-flare+Flash 1600 1998-12-30 18:04:45 18:09:54 33 0.860 138.6 483.7 10
N. 3 Main 1600 1998-12-30 18:10:28 18:29:43 33 0.860 138.6 483.7 34
N. 3 Pre-flare+Flash WL 1998-12-30 18:04:49 18:09:58 33 0.003 138.6 483.7 10
N. 3 Main WL 1998-12-30 18:10:31 18:29:47 33 0.003 138.6 483.7 34

characteristics are reported in Table 2. 12 flares are listed in thédue is 83.9868 data numbers (DN), with a standard devia-

table, but only for 3 of them could we select enough TRACHON of og4ark = 1.51339 DN. Afterwards, the images have been

images to make a significant analysis. For most flares, in facbaligned as there is a slighfset 4.3, 7.2 pixels, see Handy

there were gaps in the observations during the flash phase andl. 1999) between the EUV channels and the WL channel

the first part of the main phase. Therefore we had to restrigtused by changes in the best focus position of the secondary

our analysis only to the flares occurring on December 29th amdéror and by the wedge and tilt in the UV filters.

30th which are marked by an asterisk and numbered in Table 2.Figure 5 shows three maps of AR 8421 obtained from
Table 3 reports the data on the TRACE image sequendles 171 A images at ffierent times. Maps (a) and (b) have a

taken during each flare. In the first column we report the flafield of view of ~84 000x 84 000 kn? (240x 240 pixels), while

number and the flare phase; in the second the wavelength whees (c) has a field of view 6£140 000x 140 000 kni (400 x

the observations were made; in the third the day of observatid@0 pixels). These maps show the locations of the flares we

in the fourth and fifth the start and end time of the observhave analysed, and the regions where the major changes during

tions, respectively; in the sixth coluna indicates the cadencethe flare take place are marked by a box.

with which the images were taken by TRACE; in the sev- In the following sections we will describe the flare evolu-

enth Exptime is the exposure time; the last two columns gitien using 171 A images only, except for flare No. 2-2e-

the pointing of the image center from the Sun center (zause, despite a careful analysis of the 1600 A images, we

arcseconds) and the number of images, respectively. All tbeuld not obtain useful quantitative information from these

images we have analysed were taken in full resolution modkata. Moreover, the analysis of WL images does not point out

i.e. 768x 768 pixel images with a pixel size of 0.5 arcsec angpot motions or other kinds of precursor phenomena before all

a field of view of 6.4 x 6.4. flares, nor could we find efierences in the sunspot configura-
The procedure we have used is the following: we have antibn before and after the flares.

ysed, for each flare, images taken during the rise phase and

during the main phase separately. The raw data have been B'Olare No. 1 observed on December 29

cessed using the SSW routine TRAGREP which allows the )

) o . at 09:41 UT, C5.1

image normalization and correction by means of the subtrac-

tion of the pedestal and dark current, as well as the corréo-order to understand the kind of evolution of some loops

tion for radiation spikes and hot pixels. For the entire 17Iyvolved in this flare, we have examined, besides the images

1600 A and WL set of images the pedestal and dark curréaken during the pre-flare and flash phase (09:25-09:40 UT)
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(b)

arcsec

Fig.5. Maps of AR 8421 obtained from the 171 A images taken &ecént times. The boxes show the regions where the major changes
during the flares take place. The field of viewi84 000x 84 000 kn? (240 x 240 pixels) in maps), b), and~140 000x 140 000 kni (400x

400 pixels) in mage). North is on the top, west on the rigl&) Map taken at 09:39:05 UT on December 29 showing the brightest system of
loops involved in flare No. 1b) map taken at 05:40:07 UT on December 30 showing the regions of maximum brightness of flare No. 2—-2
¢) map taken at 18:10:22 UT on December 30 showing the positions of the brightest sites of flare No. 3.

and during the main phase (09:41-09:53 UT), also sev- Figure 6¢ shows the situation at 09:25:06 UT, when the re-
eral 171 A images taken during the preceding time integion of maximum brightness coincides with the apparent con-
val 07:00-09:25 UT. tact point of the above mentioned loops. The image taken at
In Fig. 5a we can see the 171 A map of a portion @9:39:05 UT (see Fig. 6d), shows the situation at the flash
AR 8421, obtained from the image taken on December pBase, when the loops are the sites of maximum brightness in
at 09:39:05 UT. The heliographic coordinates of the brightdsie region.
loop system (27 N, 13E) coincide with the coordinates given
by the NOAA report. The images in Figs. 6e and 6f show the flare site during the
Figure 6 shows a sequence of 171 A images of the regiorain phase: we can see that the western loop of the most active
reported in Fig. 5a. The sequence shows two images takelo@ system decreases its brightness and gradually disappears
few hours before the flare (a—b), two during the rise phase (c{dlccarello & Romano 1999). Beside the strong intensity in-
and two during the main phase (e—f). The white arrow in intcrease in this loop system, we observe, during the whole time
age 6a taken at 07:55:46 UT points to the moss, in which twderval covered by this flare, that in the western side of the ac-
loops whose dimension are at the telescope resolution limit &ixe region (see the white arrow in Fig. 6f) there are other loops
present. These loops during the time interval between 07:55wiéh the same orientation as those we have described, which
and 08:02:26 UT (see Fig. 6b) show an increase both in dimémerease their intensity too. Moreover, there are patches of
sion and in brightness. moss on both sides of the photospheric polarity inversion line
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(@) 07:55:46 U.T. (b) 08:02:26 U.T.

(c) 09:25:06 U.T. (d) 09:39:05U.T.

(e) 09:46:52 U.T. (f) 09:50:10 U.T.

Fig. 6. Sequence of 171 A images of the region reported in Fig. 5a where flare No. 1 occurred on December 29 at 09:41 UT (peak time]
each frame (exceff}) the white arrow points to the brightest loop system of the site where the flare takes place. Ifj fitaererrow points to

the western loop system (see text). In this and all subsequent images north is on the top, west on #jebjgre images taken a few hours
before the flareg)d) during the rise phase am)-f) during the main phase.

(hereafter referred as PIL), which increase their intensity atttht loopb is the first to show an increase in its brightness
show a slow recessing motion from the PIL. (at 09:34:07 UT), while loom shows a gradual increase in its
In order to investigate how the intensity varies alongrightness in the following frames. Moreover, in loapthis
the three brightest loops, we have examined 9 frames (frdafightness is not uniform, but it appears to be localized at the
09:33:34 UT to 09:37:58 UT), in which we have divided théop. Loopc shows an increase in brightness with a delay of
two eastern loops into transverse boxes of about4pixels ~2 min with respect to loof, but in this case the regions of
(700x 1400 km), and the western loop into transverse boxesrofiximum brightness are of greater dimensions and closer to
about 2x 8 pixels (700x 2800 km). In each box we have calthe footpoints. Moreover, the region of apparent contact be-
culated the average Data Number (per unit of pixels and tinfgjeen loops andc does not show an intensity increase.
(Zuccarello et al. 2001b). Figure 8 shows the average electron denbisy(in cm™3)
We mark these loops, from the eastern to the western, withrsus time for loops, b andc, respectively. The peak time
the lettersa, b, ¢ From the analysis of Fig. 7 we can inferegistered by GOES is indicated by the letters “p.t.” in the
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b
09:33:34UT 09:34.07 UT 09:34:40 UT

09:36:19 UT

09:35:13 UT 09:35:46 UT

\ L\ :
09:36:52 UT 09:37:25 UT 09:37:58 UT N

< § 30 45 @ 75 %0 105 120 135 150 133 1B 195 210 IS5 B40 B3E W

Fig. 7. The grey scale image sequence shows the average Data Number (per unit of pixels and time) along the loops involved in flare No. 1
during the pre-flare phase. The grey scale is in units ok@B s pix~1. We label these loops, from left to right, with the lettard andc.

Sl e M| Tl s maximum. Moreovertmay, the time interval between the first
o ey 7 and the second maximum in each loop, is longer for the brighter
it [~ e wore loops and for those which brighten first.
; 1 In Fig. 9 we show, for each loop, the intensity
e I \\ § (in DN/pixel/s) as a function o$, the coordinate along the loop,
= = ] at 7 diferent times: curves 1-4 (solid line) refer to times before
§ M\_ i the primary maximum (deduced for each loop from Fig. 8),
" i i i while curves 5-7 (dashed line) refer to times following this
T maximum. In each graph= 0 coincides with the eastern foot-
- 1 point, while s = 1.0 coincides with the western part of the
=T ] loops still visible in the 171 A images. Let us examine the three
C p.t. ] curves separately.
e -o;l e Figure 9a refers to loop and indicates that during the as-

cending phase to the maximum, (solid lines), thincrease
takes place in two regions, one closer to the top of laop
Sand another closer to the western footpoint; then the two
peaks approach each other. Later, during the descending phase,
the region of maximum brightness shifts towards the western
graph. We can see that the average electron delNsityloopb footpoint.

increases first, that this increase is the most rapid and that theln Fig. 9b we can see that the intensity in lobmlong
maximumN, value is the higher between the three curves. Whe coordinates shows a gradual increase which in curves 3
can also notice a secondary maximum aft&2 min. The curve and 4 shifts towards the region of apparent contact between the
relating to loopa indicates that the maximum is reached witithree loops (see Fig. 7 for a comparison). The dashed curves
a delay of~1 min with respect to loof. Finally, the curve related to times after the maximum indicate that the region of
showing the average electron dengikyof loopcindicates that maximum intensity is still located in the neighbourhood of the
this loop reaches its maximum electron density aff8rmin contact region.
with respect to loop b, and that there is a secondary maximum. Figure 9c, shows the intensity variations along loop
Therefore we deduce that in each loop the density increas¢s diferent times. The intervals labelled (a) and (b) on the
during the rise phase, it is in a decreasing phase at #nds of the abscisse indicate the regions of apparent contact
peak time registered by GOES, and also shows a secondagtween loopc and loopsa and b respectively. This graph

TIME (UT)

Fig. 8. Average electron density, (in cm3) versus time in loopa, b
andc. In this graph p.t. indicates the peak time registered by GOE
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sop T 1% @ — —— apparent contact between loapasndb, even if showing a vari-
3513 able brightness in time, is always the faintest in the system.

On the basis of this analysis, we argue as follows: if the
loops were only in an apparent contact (i.e. they were overlap-
3 ping along the line of sight but were not in physical contact),

E they would have probably shown a more constant brightness
1 during the considered time interval; the observed variations in
ST ] brightness in the sites close to the apparent crossing region
could mean that they were physically interacting, since the in-
teraction could have caused variations in density or temperature
and so lowered the intensity in the crossing region at 171 A.
1 In order to investigate further this possibility, we have ana-
e E— io lyzed the magnetograms of AR 8421 taken at Mitaka National
s (coordinate along the Ioop) Astronomical Observatory of Japan and have deduced the field
loop b lines topology using both a potential field and a force-free field
“F yoeseer T T T T extrapolation.
Do Figures 10a and 10b give the TRACE 171 A image of the
4) 09:36:52 ‘ flare No. 1 site and the BBSO ,Hmage of AR 8421, respec-
S o . tively. In Fig. 10c we can see a map of the longitudinal mag-
7) 09:39:31 ] netic field (where a continuous line means positive polarity and
a dashed line means negative polarity) and of the azimuthal
field (segments). Comparing this map with Fig. 10a, we con-
clude that flare No. 1 occurred in the region showing the high-
est degree of shearing (the azimuthal field is almost parallel
to the magnetic neutral line) and therefore the sites where the
magnetic field is very far from a potential field configuration.
1 This magnetic field topology has been recognized as one of the
o4 o6 o8 1o most important precursors of flares (Hagyard et al. 1984).
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? {coeranate clong tre toop) Moreover, we show in Fig. 10d a potential field extrapo-
. lation, obtained by using the photospheric magnetic field val-
;; L ues as boundary conditions (Sakurai 1981), where we can see
E o 3) 09:38:31 1 loops crossing at right angles to the main polarity inversion
iE & gaseds = line. Figures 10e (top view) and 10d (side view), showing a
F 5) 09:40:44 1 non linear force-free field extrapolation, reproduce more real-

L 7)09:41:53

istically the morphology of AR8421 observed in the khe

(see Fig. 10b). The values afin the field lines involved in
flare No. 1 and shown in bold in Fig. 10e are 0.3 (the northern)
and-0.1 (the southern), respectively. Moreover, in the force-
free field extrapolation the region where flare No. 1 takes place
is characterized by nearby field lines witHfdrent orientation,
which cross each other. Therefore, the flare site is characterized
by a magnetic field topology which is very favourable to field
line reconnection.

Using the procedure described in Sect. 3, we have deter-
along the loop at 7 dierent times for loops, b andc, respectively. mined the physical pgrameters of these particular loops and
Curves 1-4 (solid line) refer to times before thenaximum (as de- Nave evaluated that, in a volume of.0>* cm™, during the
duced by Fig. 8a); curves 5-7 (dashed line) to times after the mabtme interval 09:25 to 09:53 UT the electron density, pressure
mum. In the third graph (from the top) the intervals on the axis of ti@d thermal energy, show variations in the following ranges:
abscissae labelled (a) and (b) indicate the regions of contact betwdan~ 4.5-8.5 x 10° (cm3), P ~ 1.2-2.3 (dyne cm?), Ey, ~
loop ¢ and loopa andb respectively. 8.3 x 107-3.9 x 10?4 (erg).

These values would be characteristic of a small flare, but in
soft X-rays flare No. 1 was classified as C5.1, indicating that it
cannot be limited to this particular system of loops; rather they

indicates that both in the ascending and descending phase, tepeesent only part of a larger event.

are two regions of maximum intensity: one, the most extended, In this context, we utilize all the information we have ob-

coincides with the southern leg of lo@pthe other is close to tained from our analysis in an attempt to identify this flare
the northern footpoint. This graph indicates that the region iof terms of the scenaria described in Sect. 4. Qualitative

I(DN/pixel /s)

0.0 0.2 0.4 0.6 0.8 1.0
s (coordinate along the loop)

Fig. 9. Intensity | (in DN/pixel/s) as a function of, the coordinate
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(@ 171 A 09:39:05UT (b) BBSO H, 21:49:15UT

(e) force- free field(topview) (f) force- free field(sideview)

Fig.10. a)171 A image taken by TRACE on December 29 at 09:39:05 UT (fov 1050005 000 krd); b) BBSO H, image of AR 8421

on December 29 at 21:49:15 UT) map of the longitudinal (continuous line indicates positive polarity, dashed line negative polarity) and
azimuthal magnetic field (segments) observed at 01:38:25 at Mitaka National Astronomical Observatory af)Jaqmntial magnetic field
extrapolationg) force-free magnetic field extrapolation (top view), the field lines in bold indicate the locations of loops involved in flare No. 1;
f) force-free magnetic field extrapolation (side view).

answers (when possible) to the questio,( Qy, ... etc.) suggests that the loops are not cooling. Rather, we observe
posed in Sect. 4 are as follows. that the intensity increases first in certain locations and later
the regions of maximum brightness change their position
Q1: The emission comes mainly from a limited number of along loopsa andb, while in loopc there is a continuous
coronal loops which cross the main PIL, and we also ob- iytensity increase at both sides of the apparent contact re-
serve brightness variations in patches of moss on both Sidesgions in the rise phase and a continuous intensity decrease
of the PIL, which are probably the footpoints of higher- during the main phase.
temperature loops (Martens et al. 2000). Qs Loopashows an initial intensity increase in two locations,

Qz: The curves shown in Fig. 9 indicate that the intensity - fo|jowed, after a timeAt = 66 s (calculated as the time
does not decrease along each loop simultaneously, which
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(a) 05:18:03 U.T. (b) 05:40:07 U.T.

(c) 05:36:44 U.T. (d) 05:38:44U.T.

Fig. 11. Sequence of images of the region shown in Fig. 5b where flare N6.de2irred on December 30. In frarag we show a 171 A
image, where the white arrow points to the site where the initial intensity enhancement took place during flare No. 2.dhvrasteow two
patches of moss, indicated by an arrow and a box, respectively, where flarews 8bserved. Frameyandd) show 1600 A images of the
same region: irt) the lower arrow shows an intensity increase along a structure connecting a central loop-like structure with the eastern n
(left arrow); ind) the two moss sites on both sides of the main PIL are shown.

difference between curves 2 and 3 of Fig. 9a), by a shift asldeared, non-potential arcade, and reconnect with them, this
simultaneous rise in intensity towards the apparent cont@cbcess could give rise to an instability which involves other
region. Loopb shows an increase of intensity in a certaitoops in the arcade, and producing a two ribbon flare.

location, followed by a decline there and a rise in intensity

either side of it (compare curves 1, 2 and 3 in Fig. 9b} Flare No. 2, observed on December 30

Loopc shows a dierent behav_lour: an intensity increase at 4t 05:46 UT, M1.0

both legs (see curves 1-3) which begins aft2min of the

rise phase in loop. On December 30, between 05:10 and 06:00 UT two flares

Q.: After the brightening of loops, b and ¢, other loops, (No.2 and 2in our classification, see Table 2) were registered
connecting both sides of the PIL in the western paly GOES in AR 8421 (see the map in Fig. 5b). Despite the fact
of AR 8421, show an intensity increase. These loops app#aat GOES registered two distinct flares, we could determine,
in the force-free field extrapolation shown in Figs. 10e, f, tiom the analysis of 1600 A images, that they were related and
belong to the same arcade bridging the main PIL. constituted two dferent parts of a single event.

Qs: Our analysis of loopa, b andc has indicated that loogs From the analysis of 171 A images, we notice,
and b show intensity variations along their length whictat 05:15:18 UT, the appearance of many loops whose appar-
may be caused by a heating source at their crossing pdht contact points show a faint emission in the area of coor-
and this is evidence in favour of the hypothesis of a looglinates 27N 01W (coincident with the coordinates given by
loop interaction with consequent reconnection. the NOAA report for flare No. 2). At 05:18:03 UT we ob-

serve an intensity increase in the region indicated by the arrow

Therefore the scenario which results from the analysis of thisFig. 11a and later a gradual brightening of the surrounding

flare is in accordance with the two-ribbon flare model dftructures, until 05:20:49 UT, when we observe the formation

Heyvaerts et al. (1977), characterized by new flux tubes emenfitwo main parallel structures characterized by the presence of

ing close to a magnetic arcade, although we do not have thany bright knots.

observations required to identify the emerging loops. When In the region of coordinates 28N 03E, characterized by

these flux tubes interact with loops belonging to the alreatlye presence of the moss and indicated by a white arrow in
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Fig. 12. a)lsocontours of intensity levels in the eastern moss at fofiedint times. The numbers on the axes indicate the number of pixels
from an arbitrary originb) Isocontours of intensity levels in the western moss at foffiedint times. In graph) we report the 1600 A intensity

(in DN s) as a function of time for the southern (from 0 to 40 pixels ongiaxis of framea), curve A) and northern (from 40 to 80 pixels

on they-axis of framea), curve B) parts of the eastern moss, respectively. In glhphe show, with the same criterion used in graphthe
behaviour of 1600 A intensity for the western moss.

Fig. 11b, which shows the image taken at 05:40:07 UT, themdunction of time. We can notice the abrupt intensity rising be-
is a sudden increase in the emission coming mainly from twween 05:34 and 05:39 UT, due to the moss ignition. Moreover,
blobs of plasma inside the moss. These blobs increase theirdomparing the curves referring to the southern and the northern
tensity and area until 05:46:20 UT, when the flare peak of flgpart of the eastern moss, it is possible to note a time delay of
No. 2 was registered by GOES. Then, the emission in the mdbkg order of~2 min in the sudden intensity rise between the
slowly decreases. Moreover, during this time interval, we obwo parts of this moss. In contrast, the other moss is character-
serve an intensity enhancement in two other patches of magsd by an intensity increase occurring simultaneously in the
(bounded by a box in Fig. 11b), localized on the other side sbuthern and the northern area.

the main PIL with respect to the largest moss patch.

The analysis of the set of images taken at 1600 A has given In Fig. 13a we show the 171 A image of flare No. 2-2
further details on this flare: initially we notice an intensity enin which the two moss sites are evidenced by an arrow and
hancement of loop-like structures in a region spatially coin@-box, respectively. In Fig. 13c a map of the longitudinal and
dent with that indicated by the arrow in Fig. 11a). Next, we olazimuthal magnetic field of AR 8421 on December 30 is re-
serve an intensity enhancement in a structure which connqmisted. In Figs. 13d, e, f we show the potential field, the force—
the site No. 2 with the site No.”Zlower arrow in Fig. 11c free field top view and side view extrapolations, respectively.
showing the image taken at 05:36:44). Figure 11d shows t@emparing the 171 A image with the force-free field extrapo-
flare sites at 05:38:44 UT. lations, it appears evident that the moss sites showing the in-

Figures 12a, b, display the isocontours of intensity levetisnsity enhancements, are connected by large scale loops (field
in the eastern and western moss, respectively, at féterdnt lines in bold in Fig. 13e, characterized by= 0.6) and, taking
times, between 05:35:44 and 05:38:44 UT, as obtained fromio account that the moss represents the coronal feet of a hot-
the analysis of 1600 A images. ter arcade of loops (Martens et al. 1999), we may presume that

Figures 12c, d show the 1600 A intensity (in Ri)in the the intensity increase in the moss both sides of the magnetic
southern (curve A) and northern (curve B) part of each moss,iagersion line could be caused by the same mechanism which



1098 F. Zuccarello et al.: Flare activity in AR 8421

(e) force- free field(topview) (f) force- free field(sideview)

Fig.13. a)171 A image taken by TRACE at 05:40:07 UT (fov 105 00005 000 kni), showing the moss brightening during flare No. 2—2

b) 171 A image taken by TRACE at 18:21:51 UT (fov 175 60D75 000 knd), showing AR 8421 during flare No. 8) map of the longitudinal
(continuous line indicates positive polarity, dotted line negative polarity) and azimuthal (arrows) magnetic field observed at 02:25:39 at Mit:
Astronomical Observatory of Japatr), potential magnetic field extrapolatiod) force-free magnetic field extrapolation (top view), the field
lines in bold indicate the loops connecting the two moss regions involved in flare Ng.€)-farce-free magnetic field extrapolation (side
view).

causes flare ribbons at optical wavelenghts, i.e. heating du®®- 1.7 dyne cm? and 13- 3.7 x 10?° erg, respectively, dur-
particle acceleration from a higher reconnection site. ing the time interval 05:10 to 05:49 UT.
In this regard, it is interesting to note that, considering the In the following we try to give answers to the questions
flare start time given by GOES (05:26 UT), and the moss lighbsed in Sect. 4.
curves shown in Figs. 12c, d, we deduce that the time delay
between the first flare manifestation in soft X-ray and the moggs: The emission comes initially from loop-like structures
ignition in the EUV range is-9 min. having dimensions at the telescope resolution limit and
Physical parameters such as electron density, pressure andater from patches of moss on both sides of the polarity
thermal energy have been calculated for the two moss re- inversion line, which have been recognized as representing
gions indicated in Fig. 11c via the procedure described in the coronal feet of hotter arcades of loops (Martens et al.
Sect. 3. They show a variability range o7+ 4.8 x 10° cm3, 1999).
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(a) 18:04:38 U.T.

(c) 18:08:42 U.T. (d) 18:21:51U.T.

Fig. 14. a) b): 171 A images of the region bounded by box No. 3a in Fig. 5¢c where two bundles of loops showed intensity variations on
December, 30, at 18:10 UT (flare peak time).d): 171 A images of the region bounded by box No. 3b in Fig. 5¢c where an intense moss
brightening occurred during flare No. 3. In each frame the white arrow points to the site where major changes took place.

Q2: During the rise phase of flare No. 2 we observe loop-likat 18:10:22 UT). The first region, situated at 11W 25N (not
structures, but their dimensions and their extremely rapidincident with the coordinates given in the NOAA report), is
changes in shape and emission, do not allow us to detelraracterized by two bundles of loops (Fig. 5c, box 3a), which
mine intensity, density and emission measure variationsshow variable brightness and bright knots moving along their
time and in space, so it is not possible to establish whetHegs. The second region of interest, situated at 04W 30N (also

these structures are cooling or heating. not coincident with the coordinates given in the NOAA report)
Qs: The flare morphology does not allow us to single out @ig. 5¢, box 3b), is characterized by rapidly evolving phenom-
heating source. ena in the moss.

Q4. We observe intensity enhancements in the moss on both | et us examine separately the two regions.
sides of the PIL. This may be a consequence of coronal
loop reconnection and particle acceleration. — Region A: Interacting loops

Qs: The loop-like structures involved in this event are such that |nitially, there are two main bundles of loops (Fig. 14a)
no consideration is possible on their possible interaction.  which show an X-type configuration (Shimizu et al. 1994).

o ) During the rise phase, one of the two bundles becomes
Therefore, taking into account the evolution of the phenom- pyiqher while the other decreases its intensity. During this

ena during this flare, the fact that initially the intensity increase phase we observe, in the brighter loop, a motion of bright
takes place in the inner loops and later at the footpoints of larger |, 5ts from the top to the footpoints. At 18:10:22 UT there
and outer loops, this event is a two ribbon flare, characterized ;g 51, increase in intensity of the eastern leg with the ap-
by an arcade of loops showing variable brightness and located pearance of a bright knot which, in the following frames,
a_lt rising heights as time proceeds and the overlying reconnec-gaems to split in two knots of smaller dimensions and
tion points rise. lower brightness. They move in opposite directions (with
an average velocity 0£30 km s') and show a decreas-
9. Flare No. 3, observed on December 30 ing emission with time (Fig. 14b). In the main phase (be-
at 18:10 UT, C1.7 ti/veen 12_3:16:20 eind 18:29:37 UT) we observ_e the forma-
tion of thin and faint loops surrounding the main structure.
During the time interval 18:04-18:30 UT, in AR 8421 we ob-— Region B: The moss
serve two regions, characterized by structures which evolve The region indicated in the box 3b in Fig. 5c is char-
rapidly (see the 171 A map in Fig. 5¢, showing the situation acterized by the presence of moss in which an S-shaped
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structure increases its brightness and from which a loop ap
pears during the main phasel8:17 UT) (Figs. 14c, d).
The analysis of the images indicates that inside the S-
shaped structure there is a strong brightness variation, es
pecially in the eastern part, where the left loop footpoint
is anchored. Moreover, a continuous plasma motion is ob-
served in the loop from the eastern to the western footpoint.
During this motion we observe, close to the western foot-
point, the appearance of a fainter loop.

Figure 15 displays a 1600 A image of the region shown
in Figs. 14c, d; the dotted white line gives the location of
the loop which appears at 18:17 UT. In the same figure we
show the 1600 A isocontours (continous grey line) at five
different times (between 18:13 and 18:20 UT) and hard X-
ray isocontours (continuous white line), obtained by HXT
instrument of YOHKOH. Comparing Fig. 15 with Figs. 13e
and 13f, we may infer that the hard X-ray isocontours map
the sites of the tops of large-scale loops, while the 1600 A
isocontours indicate the sites of loop footpoints. Therefore,

if the hard X-ray isocontours indicate the sites where re- ) _ - _
connection takes place, the 1600 A isocontours map tﬁ% 15.1600 A image of the region shown in Figs. 14c, d. Grey lines

~

- ~

. indicate 1600 A isocontours at fiveftirent times. White dotted lines
sites heated as a consequence of plasma flows and part- . . _
| | ion f h . ite. In this vi indicate the location of the loop that appeared during the main phase.
cle acce ergtlon rom the r(_econnectlo_n site. n_t IS VI®%yhite continuous lines indicate hard X-ray isocontours.
the loop which appears during the main phase is probably
filled with chromospheric plasma evaporated as a conse-
guence of particle bombardment from the reconnection si@s: Observations suggest that there is a probable heating
(Antiochos et al. 2000). Considering that the loop length is source at the crossing point of the loops.
~24 000 km, and that the time interval between the image _ )
where the loop is not visible and the one where the |O%j1|s event represents observational support for the two-ribbon
is clearly visible, is~4 min, if we assume that the loop isflare model based on magnetic reconnection as it showed sev-
filled with plasma evaporated from the chromosphere, v@éal phenomena described in this model, that is: inner interact-

obtain a value 0£100 km s for the evaporation velocity. ing loops, hard X-ray enhancements at large-scale loop tops,
moss brightenings at loop footpoints and the sudden appear-

Therefore, the answers to the questions reported in Sechfte of a loop probably filled by chromospheric evaporation.
are:

Q:1: We have obser_ved two strongly emitFing regions durinPO_ Discussion and conclusions
flare No. 3; the first one was characterized by two bundles
of loops showing a variable brightness and knots whidWe have examined images of AR 8421 at several wavelengths
moved at an average velocity 80 km s, the second during the evolution of 3 flares characterized by energies,
by patches of moss where a loop, which appears during ihethe soft X-ray range, between6lx 103 ergcnr?s?
main phase, is anchored. and 1072 erg cnt? s! (see Table 2). Let us briefly summarize
Q2: We have not observed an intensity decline in unison in titee results obtained by the analysis of these flares.
loops involved in this event, and so there is not signature of During flare No. 1 we have observed emission in the form
a uniform cooling, but initially the intensity increased in &f a limited number of coronal loops having their footpoints
narrow region coincident with the apparent crossing poiahchored on both sides of the main polarity inversion line
between the loops. of AR 8421, together with emission coming from patches of
Qs: The region of maximum brightness in the loops was lgnoss situated on both sides of the PIL, but distant from the
cated at their apparent crossing point during the rise phalesps. We have established that there is a system of at least
later, bright knots diverging from this site were observethree loops showing, especially during the pre-flare phase, in-
We stress however that during this flare a sudden int@ensity variations in time and along their length which may
sity increase was observed in the moss, in a region disthetinterpreted as due to an interaction between new flux tubes
~80000 km from the loops. It seems very likely that iemerging close to an already sheared, non-potential arcade. As
this region chromospheric evaporation took place, whighconsequence of this interaction, the new flux tubes and the
was observed in a loop, anchored in the moss, and suddamarer loops of the arcade reconnect, giving rise to a two rib-
filled with plasma. bon flare. In this scenario, the increased emission in the moss
Q4: The analysis of this event indicates that the loops we haigdikely to be due to the same mechanism which caugedH
observed are two-ribbon flare loops belonging to a mabens, that is, heating by plasma flows from a higher reconnec-
netic arcade of greater dimensions. tion site.
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Flares No. 2—2 we have initially examined this flare as twoTheoretical models show that the association with high pres-
distinct events, following the indications given by the NOAAsure and high temperature loops is a necessary condition for
report, but a careful analysis of images taken at 171 and 160@d&nductively heated moss (Peres et al. 1994). Martens et al.
has shown that they actually are two distinct manifestatio(000) demonstrate that moss properties such as height and
of one large event. During the pre-flare phase we observemission measure can only be explained by emission from a
loop-like structures having dimensions at the angular resolttlassical upper transition region below high-pressure hot loops
tion limit, which increased their emission. and not by low-lying million-degree loops. Moreover, at the

The images at 1600 A showed a structure connecting timaximum spatial and temporal resolution of the TRACE in-
site of increased emission to the moss, where a sudden intensityment, moss does not appear to consist of small EUV loops.
enhancement took place; considering that the moss areas Wére intrinsic brightness of individual moss elements varies
connected by large scale loops, as confirmed by force-free figlddually with some elements appearing to fade in or out of
extrapolations, this intensity enhancement may be due to #wstence on time scales of about 1 min, and with no evidence
same mechanism which causes flare ribbons at optical wag€impulsive nano or microflaring as a major energy source for
lengths, and is consistent with the two-ribbon flare reconndgbe moss. Flares observed in the moss by other authors (Berger
tion model, characterized by heating of larger and larger loogal. 1999b) indicate that moss is seen to form and spread be-
occurring while the reconnection point rises in the solar atmbind post-flare loop arcade fronts that move outward from flare
sphere. sites. The fronts correspond to thg Hbbons. The moss form-

Flare No. 3: during this flare we observed two main emitng behind these fronts sometimes fades rapidly on time scales
ting regions. The first was characterized by bundles of loop§10 min.
showing variable brightness and motion of bright knots, the On the other hand, observations of chromospheric evap-
second by brightening in the moss where a loop, which sudkation indicate the existence of a temporal correlation be-
denly appeared during the main phase, was anchored. Thagsen hard X-ray bursts and the intensity of blue-shifted line
observations may be interpreted in terms of the model ofeaission. This suggests a strong relationship between evapora-
two-ribbon flare triggered by magnetic reconnection at cortien and energy release because nonthermal electrons that are
nal levels: the hard X-ray enhancements and the moss brightmed during the energy release process (possible reconnec-
ening indicate the sites involved in the magnetic reconnectitton) bombard the chromosphere and compress plasma there
process. Moreover, as suggested by many authors, one oftthdrive the evaporation flow. Another evidence supporting the
consequences of magnetic reconnection and consequent peaporation model is that the blueshifted soft X-ray emission
ticle bombardment to the lower atmosphere, is the chrommmes from the footpoints of a soft X-ray loop and that it is
spheric evaporation, characterized by upward motion of plase@spatial with the redshifted feature in H
toward the corona. Neupert (1968) has stressed that indirect ev-Our conclusions are: a) the characteristics of these flares
idence of chromospheric evaporation is that the observed safé such that the analysis at 171 A allows us to study both
X-ray loops are filled with denser plasma than the surroundifapp interaction and moss brightenings, i.e. both the site where
corona, which may come from the chromosphere as a coniee triggering process may take place, and the atmospheric re-
guence of evaporation (Antiochos et al. 2000). sponse; b) the flares are of two ribbon type, but show great com-

The velocity of the evaporation flow is a few hundred kiloplexity, with some of the loops changing their intensity due to
meters per second as measured by Doppler blueshifted litasp interactions, while some are heating or filling with evap-
during the rise phase of a flare (Feldman et al. 1980; Antonuceated plasma and others are cooling or draining. Therefore
et al. 1982), but only~40 km s? in the magnetohydrody- we conclude that TRACE observations at 171 A may give the
namic simulation of a flare with chromospheric evaporatiapportunity, under suitable circumstances, to observe in the
based on magnetic reconnection (Yokoyama & Shibata 2004dme image the primary channels of energy release (enhanced
In our analysis, we have obtained a value for the velocity &fV emission in the reconnecting loops) and the secondary en-
evaporation o100 km s, which is consistent with previousergy release (i.e. the hydrodynamical and radiative response of
observations. the solar atmosphere in the form of flare ribbons).

These observations therefore support the interpretation of Before TRACE observations, we could observe these two
flares based on magnetic reconnection: when loops interactlistinct manifestations of the flare phenomenon only fiedi
the contact region a current sheet forms; when the reconnectobwavelength (and atmospheric) ranges: X-ray for the trigger-
process takes place, accelerated particles are injected towargssite and optical (k) for flare ribbons, which meant fdier-
the loop footpoints and chromospheric material evaporates, féht instruments, dierent angular and temporal resolution and
ing the loops and increasing their luminosity. often the impossibility to evaluate the time interval between the

As far as the observed brightness variations in the moss pramary and the secondary energy release.
concerned, we recall that Berger et al. (1999b) stated that mossHowever, it should be borne in mind that we are only
is found only over magnetic plage areas that have associatbéderving loops of particular temperatures when many more
3-5x 1C° K coronal loops, as seen in Yohk@XT images loops of higher temperatures (invisible to TRACE) are also
and this has led to the conclusion that moss is caused by thiely to be present. In future, it would clearly be beneficial to
mal conduction from hot coronal loops overlying the plage. Ttebserve them too at the same time, but the present study over a
high-pressure and temperature in the associated loops squekmited temperature range has indicated the extreme complex-
the emission at 10K into the loop legs andr footpoints. ity and dynamic nature of a flaring active region.



1102 F. Zuccarello et al.: Flare activity in AR 8421

AcknowledgementsThe authors wish to thank the TRACE team foMachado, M. E., Somov, B. B., Rovira, M. G., & de Jager, C. 1983,

their open data policy and the fredfdision of Solar Software. Thanks  Sol. Phys., 85, 157

are also due to T. Sakurai for providing the Software Package for thiachado, M. E., Xiao, Y. C., Wu, S. T., Prokakis, Th., & Dialetis, D.

Computation of Solar Magnetic Fields. 1998a, ApJ, 326, 451

Machado, M. E., Moore, R. L., Hernandez, A. M., Rovira, M. G.,
Hagyard, M. J., & Smith, Jr., J. B. 1998b, ApJ, 326, 425

Mandrini, C. H., Demoulin, P., Henoux, J. C., & Machado, M. E. 1991,
Astron. Astrophys., 250, 541

Antiochos, S. K., De Luca, E. E., Golub, L., & Mc Mullen, R. A. 2000 Martens, P. C. H., & Kankelborg, C. C. 1999, AAS, 194, 7903N

References

ApJ, 542, L151 Martens, P. C. H., Kankelborg, C. C., & Berger, T. E. 2000, ApJ, 537,
Antonucci, E., Gabriel, A. H., Acton, L. W,, et al. 1982, Sol. Phys., 471
78, 107 Masuda, S., Kosugi, T., Hara, H., Tsuneta, S., & Ogawara, Y. 1994,
Aschwanden, M. J., Schrijver, C. J., Alexander, D., & Fletcher, L. Nature V.371, No. 649Dct6, P. 495
1999, ApJ, 520, 880 Moore, R. L., & Roumeliotis, G. 1992, in Eruptive Flares, ed. Z.
Aschwanden, M. J., Alexander, D., Hurlburt, N., et al. 2000a, ApJ, Svestka, B. V. Jackson, & M. E. Machado (New York: Springer),
531, 1129A Lecture Notes in Physics, 399, 69
Aschwanden, M. J., Tarbell, T. D., Nightingale, R. W., et al. 2000 eupert, W. M. 1968, ApJ, 153, L59
ApJ, 535, 1047 Parker, E. N. 1988, ApJ, 330, 474
Berger, T. E., de Pontieu, B., Schrijver, C. J., & Title, A. M. 1999&arnell, C. E., & Jupp, P. E. 1999, ApJ, 529, 554
ApJ, 519, L97 Peres, G., Reale, F., & Golub, L. 1994, ApJ, 422, 412
Berger, T. E., De Pontieu, B., Fletcher, L., et al. 1999b, Sol. PhyBriest, E. R., & @moulin, P. 1995, J. Geophys. Res, 100, 23443
190, 409 Priest, E. R., & Forbes, T. G. 2000, Magnetic Reconnection
De Pontieu, B., Berger, T. E., Schrijver, & Title, A. M. 1999, Sol. (Cambridge University Press)
Phys., 190, 419 Priest, E. R., & Forbes, T. G. 2002, A&ARYy, 10, 313
Davis, J. M., & Krieger, A. S. 1982, Sol. Phys., 80, 295 Sakurai, T. 1981, Sol. Phys., 69, 343
Démoulin, P., Khoux, J. C., Priest, E. R., & Mandrini, C. H. 1996 Schrijver, C. J., Title, A. M., Berger, T. E., et al. 1999, Sol. Phys., 187,
A&A, 308, 643 261
Feldman, U., Doschek, G. A., Kreplin, R. W., & Mariska, J. T. 198Chibata, K. 1997, Proc. Fifth SOHO Workshop. The Corona and Solar
ApJ, 241, 1175 Wind near Minimum Activity, ESA SP-404
Fletcher, L., & De Pontieu, B. 1999, ApJ, 520, L135 Shimizu, T., Tsuneta, S., Acton, L. W., et al. 1994, ApJ, 422, 906
Forbes, T. G., & Priest, E. R. 1984, Sol. Phys., 94, 315 Sturrock, P. A. 1980, Solar Flares — A Monograph from Skylab Solar
Freeland, S. L., & Handy, B. N. 1998, Sol. Phys., 182, 497 Workshop Il (Boulder: Colorado Associated University Press)
Golub, L., & 11 authors 1999, Phys. Plasmas, 6, 2205 Tarbell, T. D., et al. 1994, Proc. 3d SOHO Workshop, Solar Dynamic
Hagyard, M. J., Smith, Jr., J. B., Teuber, D., & West, E. A. 1984, Sol. Phenomena and Solar Wind Consequences (ESA SP-373; Paris:
Phys., 91, 115 ESA), 375
Hanaoka, Y. 1996, Sol. Phys., 165, 275-301 Tsuneta, S., Hara, H., Shimizu, T., Acton, L. W., Strong, K. T,
Handy, B. N., Acton, L. W., Kankelborg, C. C., etal. 1999, Sol. Phys., Hudson, H. S., & Ogawara, Y. 1992, PASJ, 44(5), L63
187, 229 Yokoyama, T., & Shibata, K. 2001, ApJ, 549, 1160

Heyvaerts, J., Priest, E. R., & Rust, D. M. 1977, ApJ, 216, 123 Zuccarello, F., & Romano, P. 1999, Proc. 9th European Meeting on
Inda-Koide, M., Sakai, J.-I., Koide, S., et al. 1995, Publ. Astron. Soc. Solar Physics, ESA SP-448; Florence, Italy, 907
Japan, 47, 323-330 Zuccarello, F., Contarino, L., & Romano, P. 2001a, Proc. of the 2
Krucker, S., & Benz, A. O. 1998, ApJ, 501, L213 Convegno sulla Fisica Solare Italiana, Mem. Sait, 72(3), 579
Lenz, D. D., De Luca, E. E., Golub, L., Rosner, R., & BookbindeZuccarello, F., Contarino, L., & Romano, P. 2001b, Sol. Phys., 199,
J. A. 1999, ApJ, 517, L155 97



