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ABSTRACT

Aims. We present the analysis of the three well-observed long-duration arcade flares (LDAFs). We aim to find general properties of
LDAFs. In this paper results concerning morphology and physical parameters in these flares are shown.

Methods. Yohkoh observations, Kitt Peak Vacuum Telescope (KPVT) magnetograms and GOES/SEM measurements are used to
determine morphology and evolution of the analysed flares and physical parameters of their loop-top kernels (temperature, density,

altitude).

Results. We found that: (1) a so-called arcade channel may exist in LDAFs; (2) the energy release in LDAFs occurs in several places
simultaneously and the reconnection process is not uniform along the flaring arcade; (3) a presence of 20—30 MK hot plasma during
the decay phase suggests that the reconnection occurs after the LDAF maximum.
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1. Introduction

Long-duration events (LDEs) are a type of solar flares. LDEs
are characterized by a slow decrease in brightness as seen in
soft X-rays (SXR). This decrease (the so-called decay phase)
lasts from several hours to more than a day. Much progress in
studying LDEs was made by satellite observations in the ultravi-
olet and X-rays, such as those made during Skylab, SMM (Solar
Maximum Mission) and Yohkoh space missions.

X-ray and ultraviolet observations taken from the Skylab
space station showed that most LDEs occur in arcades of loops.
This type of LDE we call long-duration arcade flares (LDAFs).
A typical LDAF consists of several loops which form an ar-
cade with bright emission kernels placed at the tops of the
loops (loop-top kernels). The analysis of SXR images indicates
that the kernels may be connected by a magnetic tube (the so-
called arcade channel; see Tomczak 1994; Jakimiec et al. 1997).
Investigation of these flares, carried out by many authors using
X-ray images from Skylab, led to several important conclusions
(see Sheeley et al. 1975; Vorpahl et al. 1977; Kahler et al. 1977):

1. LDAFs more frequently occur in older active regions.

2. They are large expanding structures — sometimes their height
reaches almost 10> km. Expansion rates of arcades are typi-
cally of the order of 1 kms™'.

3. A “linear structure” running along the tops of loops is
the brightest part of arcade. More detailed investigation of
Skylab images showed that this structure consists of “bright
knots”. The knots are called loop-top (flare) kernels or loop-
top sources.

4. The kernels are the hottest and densest part of the arcade.
A detailed analysis showed that there must be a continu-
ous energy release during the whole flare evolution. If not,
the kernels would disappear within minutes due to con-
ductive and radiative losses. Moreover, observations and
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numerical simulations suggested that some restrictions to
a flow of mass and energy out of the kernels to loops “legs”
must exist.

Observations of solar flares from the Skylab space station were
made from May 1973 to February 1974 and the observational
material is rather meagre. Furthermore, the observations were
recorded on film, which is worse detector than the CCD cam-
eras used nowadays. Thus, although a significant progress in the
study of LDAFs was possible owing to the Skylab observations,
many questions remained unanswered.

Observations made by the Japanese satellite Yohkoh dur-
ing over 10 years of operation were the next large step in the
study of these flares. The satellite gave solar physicists an enor-
mous amount of solar flares observations. Excellent Yohkoh light
curves, spectra and images enabled the study of LDAFs in detail.
Investigations carried out by many authors (e.g. Tsuneta et al.
1992; Feldman et al. 1995; Tomczak 1997; Harra-Murnion et al.
1998; Isobe et al. 2002) have confirmed results obtained from
Skylab concerning LDAF morphology and physical parameter
distributions. The investigations also indicated that continuous
energy release must exist during the LDAF decay-phase to en-
sure the long duration of their loop-top kernels in spite of the
radiative and conductive losses. Moreover, Yohkoh observations
allowed us to build and test theoretical models of arcade flares
(e.g. Choe & Lee 1996a,b; Hirose et al. 2001; Morita et al. 2001).
Interesting results concerning arcade flare morphology and evo-
lution were obtained also from TRACE high resolution observa-
tions (e.g. Uchida et al. 2003).

Flare loop-top kernels were studied by many authors (e.g.
Acton et al. 1992; Doschek et al. 1995; Jakimiec et al. 1998)
because it appeared that the kernels are a common feature of
different solar flares types (including also LDAFs). The mag-
netic reconnection and annihilation is a source of energy re-
leased in flares. It is considered that these processes take place

http://dx.doi.org/10.1051/0004-6361:20065421


http://www.aanda.org
http://dx.doi.org/10.1051/0004-6361:20065421

1022

Table 1. Analysed LDAFs — data from GOES/SEM database.

date beginning duration X-ray
[UT] [h] class

7 May 1993 20:20 7 MI1.6
14 May 1993 21:54 10 M4.5
27 Apr. 1998 08:55 19 X1.0

inside the kernels (Jakimiec 2002a,b) or above them (e.g. Kopp
& Pneuman 1976; Shibata 1999; Hirose et al. 2001).

LDAFs have a more complicated structure than compact
flares, but they last longer and are much larger. Taking tempo-
ral and angular resolution of present-day X-ray observations into
account, these features of the LDAFs can help us to understand
solar flares and to build a correct model of these events. Detailed
analysis of LDAFs and their kernels also give us possibility to
understand the reconnection process.

For our study we chose three well-observed LDAFs. We
investigate:

1. morphology and evolution in soft and hard X-rays;

2. physical parameters of the loop-top kernels (temperature,
emission measure, density);

3. evolution of the LDAFs loop-top kernels in the diagnostic
diagrams;

4. the rate of the energy release for the LDAF decay-phase.

In this paper we concentrate on two first topics given above. In
Sect. 2 the methods of analysis are described. Results of the in-
vestigation for each of the selected flares are shown in Sect. 3.
Discussion and conclusions are given in Sects. 4 and 5, respec-
tively. Results concerning energy release in LDAFs (the analysis
of the energy balance and diagnostic diagrams) will be presented
in a subsequent paper (Paper II).

2. Analysis

We have selected and analysed three long-duration arcade
flares. These LDAFs occurred on 7 and 14 May 1993 and on
27 April 1998. Basic information about the flares is given in
Table 1. In our analysis we applied observations made by the
following instruments:

Yohkoh/SXT (Soft X-ray Telescope; Tsuneta et al. 1991);
Yohkoh/HXT (Hard X-ray Telescope; Kosugi et al. 1991);
KPVT (Kitt Peak Vacuum Telescope; Livingston et al.
1976);

GOES/SEM (Space Environment Monitor; Donnelly et al.
1977).

SXT images made with Bel119, Al12 and Al.1 filters were used
in the analysis. Saturated or underexposed images were rejected.
Selected images were reduced using SolarSoftWare procedures.

2.1. Estimation of loop-top kernels altitudes

The altitude (%) of loop-top kernels above the photosphere helps
us to understand evolution of LDAFs and is necessary for the
energy balance calculation. To estimate the altitude we need to
know the position of a kernel in the SXT image and find the point
above which the kernel is situated (sub-kernel point). The kernel
position was defined by its centroid. The centroid was calculated
as a center of gravity in the sense of intensity distribution within
the 70% isointensity contour (relative to the brightest pixel in
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the Al12 image). To locate the sub-kernel point we assumed that
the analyzed kernels were situated vertically above the magnetic
neutral line (Hy = 0). Under such assumption the sub-kernel
point lays on the neutral line. To find the location of the neu-
tral line we utilized magnetograms from the Kitt Peak Vacuum
Telescope.

The kernel altitude was calculated as the distance between
its centroid and the sub-kernel point. The obtained altitudes are
the real altitudes, not projected on the image plane. For each ker-
nel the value of & was calculated for several selected moments.
To compare the magnetograms with the SXT images, the mag-
netograms were rotated to account for the solar differential rota-
tion. Using these altitudes we can calculate the velocity of an up-
ward or downward movement of a kernel. The relative error of &
is about 10 percent.

2.2. Temperature and emission measure

Temperature (7)) and emission measure (€) can be estimated us-
ing a simple method called the filter ratio method (FRM; Vaiana
et al. 1973; Gerassimenko & Nolte 1978). In the method we
compare the ratio of fluxes measured in two different bands
with theoretical predictions. From this comparison we obtain 7.
Using this temperature and flux measured in one filter we can
calculate €.

Yohkoh/SXT observations offer large possibilities for plasma
diagnostics. Using these data we can estimate 7" and € for cho-
sen parts of the corona (e.g. a kernel). We can also create
maps of T and € spatial distribution. The filter ratio method for
Yohkoh/SXT observations is described by Hara (1992) and Hara
et al. (1992).

‘We must remember that plasma in solar flares is not isother-
mal. Thus, T determined from FRM method is an average T in
the considered line-of-sight part of the plasma (in one pixel or
in a flare kernel) and € differs slightly from the total € of this
plasma (Gerassimenko & Nolte 1978).

To estimate the temperature and emission measure of the
analysed loop-top kernels we use SXT images in Al.1, All2
and Bel 19 filters. This allowed us to determine two pairs (7', €).
From fluxes measured in Al.1 and Al12 (the ratio A112/Al.1 will
be called the Al12 diagnostics) we obtain T's and €. From Al12
and Bel19 (the ratio Be119/Al112 will be called the Bel19 di-
agnostics) — Tg and eg. We calculated temperature and emission
measures for each analysed flare kernel. Kernel boundaries were
always taken at 0.5/ 0x (Imax 1S the intensity of the brightest pixel
in a given Al12 image). The error of estimated values of 7" and €
is about 0.1-0.4 MK and less than 0.1 dex, respectively.

Temperatures To and T estimated for the same area and
time are not equal — the second one is always higher (see Hara
et al. 1992). The emission measures €5 and eg are different too,
but the difference is small (comparable with the error of €). The
difference between T4 and Ty for the flare kernels will be dis-
cussed in detail in Sect. 4.2.

2.3. Electron density

The relation between emission measure and electron density (V)
of a kernel is:

ezfz\ﬂdv, ()
14
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where V is the kernel volume. From this we obtain the mean
kernel density:

N=,|= 2
v )
To calculate N, we must first estimate V. Kernel boundaries,
taken at 0.5/,,,x, were nearly elliptical as seen in SXT images.
Thus, the area (S) of the kernel projected on the image plane is
equal to:
d> d,
S =n1—=—, 3
e )
where d; and d; is the minor and major axis, respectively. If
we assume that kernel size in the direction perpendicular to the
image plane is equal to d;, the kernel will be a spheroid and its
volume is:

2
4 4y (dy
V—37r2(2), @)

or, using Eq. (3):
2
V=2Sd. (&)

Taking S as the number of pixels within the boundary 0.5/«
and using Egs. (2) and (5), we can estimate the electron density
in the kernel. The relative error of N is about 10—15 percent.

2.4. Observations in hard X-rays

Data from Yohkoh/HXT were used to estimate the hardness of
flare radiation and to obtain images. The hardness was defined as
the ratio (R) of fluxes measured in channels M1 and L (hardness
ratio M1/L). Often hard X-ray (HXR) light curves were the su-
perposition of two kinds of variability: slow (smooth) and rapid
(impulsive). In such cases, the hardness ratio was calculated also
for these two components separately.

The value of R allows us to determine whether ob-
served emission is thermal or not. We can assume two mod-
els of HXR emission: thermal (single-temperature thermal
Bremsstrahlung) or non-thermal (single-power-law non-thermal
Bremsstrahlung). Assuming the first model, R can be expressed
in terms of the temperature of emitting plasma. In the second
case, the hardness ratio is used to the calculate spectral index y
of the power-law energy spectrum in the form:

J(E) < E77, (6)

where f(E) is HXR flux measured at energy E. However we
should keep in mind that, generally, the observed HXR are a sum
of both kinds of emission.

HXT images were synthesized using the Maximum Entropy
Method (MEM; Frieden 1972; Gull & Daniels 1978; Willingale
1981; Sakao 1994), with modulation patterns computed by Sato
(Sato 1997; Sato et al. 1999). In channel L the number of counts
was sufficient to obtain images for all analysed flares, in chan-
nels M1 and M2 practically only for the 14 May 1993 flare (we
were able to obtain only one M1 image for the 27 April 1998
flare). Each HXT image was overlaid on the SXT/Bel19 image
accumulated for the same time-interval. The overlaying helps to
study flare morphology. Accuracy of the coalignment is about
1 arcsec (0.5 SXT pixel).

The image synthesis from HXT data must be performed very
carefully, especially when HXR emission is weak. Thus, to ob-
tain reliable HXT images each final image was compared with
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Flux [X-ray class]

1800 21:00 _00:00 0300  06:00

Time [UT, start 16:00 7 May 1993]

Fig. 1. GOES/SEM X-ray fluxes for the 7 May 1993 flare (upper curve:
1-8 A, lower curve: 0.5-4 A). Vertical lines indicate the observation
time of the Yohkoh/SXT images shown in Fig. 2.

control images. We used two types of control image: (1) im-
ages made for time-intervals longer and shorter than for the con-
trolled image; (2) images made for neighbouring time-intervals.
Structures in the controlled image were recognized as reliable
only if they were present also in the control images.

3. Results
3.1. The 7 May 1993 flare

The LDAF of 7 May 1993 occurred in the NOAA AR 7500 at
N14 E41. The flare began at 20:30 UT (see Fig. 1) and reached
its maximum (M1.6) 50 min later. The decay phase of the flare
lasted about 6 h.

Yohkoh observations cover the whole duration of the flare.
Figure 2 shows a sequence of Yohkoh/SXT images of the
7 May 1993 flare. Before the flare maximum, one elongated ker-
nel (the kernel A, see Fig. 2a) was seen in the SXT images. The
kernel A was connected with the footpoint E by a bright loop.
At the flare maximum two new kernels (kernels B and C, see
Fig. 2b) began to be seen on the opposite sides of the kernel A.
After the satellite night, one can see in the SXT images three
bright kernels (A, B, C) and one weak kernel D (see Fig. 2c).
These kernels were situated at the top of high arcade of loops.
As time passed, the kernels disappeared one after the other: the
kernel A at about 23 UT, then, 30 min later, the kernel C (see
Fig. 2e). The kernels B and D lasted the longest time, they dis-
appeared after 1 UT on 8 May. When these kernels began to
disappear a bright structure running along the tops of the loop
became visible (see Fig. 2f).

The discussed flare clearly showed upward expansion. To
study this process quantitatively, altitudes of the kernels were
estimated. The results are shown in Fig. 3. The altitudes of the
kernels grew during the flare evolution from about 4 x 10* km
to 6 x 10* km with velocity decreasing from 2 to 0 kms™'.

From SXT data we derived for each kernel its 7', € and N.
The Al diagnostics covers the whole duration of the kernels
and the Be diagnostics is available only before 22:32 UT (no
Bel19 images after that moment). This is why we present here
only Al diagnostics results. Figure 4 shows temperature versus
time for all four kernels. Temperature maximum was reached at
21:10 UT (8.5 MK, the kernel A) and after that 7 of all kernels
decreased. At 1:00 UT on 8 May the kernels B and D had T
of only about 6.1 MK. There was an interesting situation after
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(@) 7 May 1993 20:52 UT

(b) 7 May 1993 21:41 UT

(c) 7 May 1993 22:24 UT -
ST

Fig. 2. Sequence of Yohkoh/SXT images in the All2 filter for the 7 May 1993 flare. In each image the heliographical grid and magnetic field
configuration taken from the KPVT magnetogram were overlaid (light-grey line: +5 Gs, dark-grey line: —5 Gs). The magnetogram was made on
7 May, before the beginning of the flare. The kernel D is not visible in images d) and e) because it is out of the image frame.
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Fig. 3. Time-variations of the altitudes of the kernel A (circles) and the
kernel B (squares) of the 7 May 1993 flare.

22:00 UT. Kernels A and C had almost the same T (about
6.5 MK) and kernels B and D were about 0.7 MK hotter. This
suggests that there was some physical connection between the
kernels A and C. The connection might be enabled by a mag-
netic tube (arcade channel) running along the tops of the loops.
The same situation occurred in the case of the pair B-D. The
connection between the two pairs was weaker. This conclu-
sion is confirmed by the time-evolution. The kernels A and C
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Fig. 4. Time-variations of temperature for the kernels of the 7 May 1993
flare. The temperature was obtained from Al12 diagnostics.

disappeared much earlier than kernels B and D. The electron
density of the analysed kernels is shown in Fig. 5. The maxi-
mum value of N was reached at 21:30 UT (8 x 10'° cm™ for the
kernel A). At 1:00 UT the density of the two remaining kernels,
B and D, decreased to 1 x 101 cm™3.

The HXR flux coming from the analysed flare exceeded the
sensitivity of HXT only during the flare maximum (see Fig. 6).
Most of HXR emission occurred in channel L. Higher energies
were reached only during the strongest pulses. The emission in
channel L was dominated by a smooth component. Pulses were
rather weak and meagre. In higher channels we can see only
the impulsive component. Thus, the HXR curves of this flare
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Fig. 5. Time-variations of density for the kernels of the 7 May 1993
flare. The density was obtained from Al12 diagnostics.
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Fig. 6. HXR fluxes for the 7 May 1993 flare measured by Yohkoh/HXT
in four channels.

resemble curves of flares with occulted footpoints (see Tomczak
2001). This suggests that HXR emission of the analysed flare
came mainly from loop-top sources and footpoint sources were
weak. This conclusion is confirmed by HXT images.

The hardness ratio R for smooth component did not exceed
0.05 (see Fig. 7). This indicate thermal emission of 20 MK
plasma. The plasma was contained inside or close to the kernel A
(see HXT images in Fig. 8). Pulses had R of about 0.4-0.9, thus
this was non-thermal emission with spectral index y = 3.0-5.4.
This emission came mainly from the kernel A.

Only in channel L was the number of counts sufficient to ob-
tain HXT images for the 7 May 1993 flare. Figure 8 shows a se-
quence of selected HXR images overlaid on SXT/Bel19 images.
In the most HXT images one can see only one bright source,
which was located at almost the same position as the kernel A.
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Fig.7. HXR fluxes for the 7 May 1993 flare measured by Yohkoh/HXT
in channels L and M1 (two upper panels; background is subtracted).
Hardness ratio R and spectral index y (bottom panel) estimated from
measurements in these two channels. Numbers at the maxima indicate
their R after subtraction of the smooth component.

Initially the centre of the source was situated in the centre of
the kernel A. Later on it drifted along the major axis of the
kernel, toward the north end and simultaneously became more
elongated. It is worth to notice that the major axis of this source
agreed with the major axis of the kernel A. Other HXR sources
seen in Figs. 8a,d,f were probably related to the kernels B, C
and D which appeared later in SXT images. HXR sources situ-
ated to the right of the kernel A (see Figs. 8b,e,f) were probably
footpoints. Figures 8e,f are interesting. In these images we can
see faint HXR structures, which connected elongated loop-top
sources with footpoint sources. They looked like loops “legs”
and the whole HXR structure resembled an arcade. The elon-
gated shape of HXR loop-top source may indicate the presence
of the arcade channel.

3.2. The 14 May 1993 flare

This flare occurred at N19 W48, in the same active region as
the 7 May 1993 flare (AR 7500). It began at 21:55 UT and
had two maxima. The first one (M1.4) was at 22:05 UT, then
SXR flux decreased until 22:26 UT. The second, higher maxi-
mum (M4.4) was reached at 22:58 UT. After this, flare flux de-
creased for about 8 h. Figure 9 shows GOES/SEM X-ray fluxes
versus time for the described flare. Yohkoh/SXT images show
that both maxima occurred in the same structure.

Yohkoh observations cover the whole duration of the
14 May 1993 flare. Selected Yohkoh/SXT images of the flare
are shown in Fig. 10. During the flare rise-phase and the first
maximum, one elongated and low-altitude kernel (the kernel L)
was seen in SXT images (see Fig. 10a). There were no Yohkoh
observations between 22:25 and 23:05 UT due to the satellite
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(a) SXT: Bel19, 20:58:05 - 21:00:27 UT

(b) SXT: Be119, 21:01:13 - 21:02:09 UT
HXT: L, 20:58:00 - 21:00:30 UT

HXT: L, 21:01:15 - 21:02:15 UT

©

|
(C) SXT: Bell9, 21:03:35 - 21:04:37 UT

(d) SXT: Bell9, 21:06:27 - 21:07:23 UT
HXT: L, 21:03:30 - 21:04:45 UT

HXT: L, 21:06:20 - 21:07:40 UT
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HXT: L, 21:09:45-21:11:10 UT

SXT: Bell9, 21:12:59 UT
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(g) SXT: Bell9, 21:16:11 - 21:17:15UT

(h) SXT: Bell9, 21:25:47 UT
HXT: L, 21:16:00 - 21:18:00 UT

HXT: L, 21:25:00 - 21:26:22 UT

Fig. 8. Sequence of selected HXR images (contours) of the 7 May 1993 flare overlaid on SXT/Bel19 images (in gray). The contours have the
following values: 0.20, 0.35, 0.50, 0.70, 0.90 of the brightest pixel in each image. All images have size 64 x 64 SXT pixels.

Flux [X-ray class]

Time [UT, start 22:00 14 May 1993]

Fig. 9. GOES/SEM X-ray fluxes for the 14 May 1993 flare (upper curve:
1-8 A, lower curve: 0.5-4 A). Vertical lines indicate the observation
time of the Yohkoh/SXT images shown in Fig. 10.

night. This situation is very inconvenient because after this satel-
lite night we can see a high arcade with several loop-top kernels.
The lack of observations makes it impossible to tell how the flare
transformed from the low-altitude kernel L to this high arcade.
In Fig. 10b, there are three kernels: A, B and C. Ten minutes
later fourth kernel appeared in SXT images (see Fig. 10c). After
the next satellite night, we see that the kernels B and C disap-
peared and in their position there was a bright “tube” which
we called channel BC (see Fig. 10d). Between about 1:00 and
2:30 UT on 15 May, the kernel D was the biggest and brightest
one. At the same time we can see two subkernels in the ker-
nel (D1 and D2). Just after 3:00 UT the kernel D began to disap-
pear from its southern end — first subkernel D1 then subkernel D2
(see Fig. 10e). After 4:00 UT the channel BC disappeared and
there remained only one kernel — the kernel A (see Fig. 10f).
This kernel disappeared 1.5 h later. In the case of this flare the
arcade channel could be seen clearly in some SXT images (see
Fig. 10e). The 14 May 1993 flare is similar to the 7 May 1993
flare. Both flares had one elongated kernel during the rise phase
and a high arcade with several kernels during the decay phase.

The sequence of SXR images clearly shows the upward ex-
pansion of the arcade. We estimated the altitudes of the flare ker-
nels. The results are shown in Fig. 11. The figure shows upward
expansion of the arcade starting at about 21:50 UT with a veloc-
ity of about 10 kms~!, and that was systematically decelerated
to zero after 4 UT.

Yohkoh/SXT observations allow us to determine 7', € and N
for the flare kernels. Because the kernels B and C were not well
separated, they were analysed as one structure (the kernel B+C).
Because the Be diagnostics is available only before 23:54 UT,
we present results from the Al diagnostics, which covers the
whole duration of the event. Figure 12 shows obtained values
of the kernels temperature. The kernel L changed its T very
fast — in ten minutes the temperature rose from 7.2 to 8.2 MK
and dropped back to 7.1 MK. The time-scale of this changes
was much shorter than for the kernels A, B, C and D. This may
suggest that the kernel L was not a precursor of any of these
kernels. The maximal observed temperature of the decay-phase
kernels was about 7.5-8.0 MK. The most interesting are the
time-intervals of constant 7'. Such a situation occurred for exam-
ple for the kernel A between about 3 and 4 UT. Its temperature
stopped at 6.1 MK for more than 1 h (assuming no rapid vari-
ation during the satellite night). Such a behavior may provide
interesting information about the energy release (see Paper II).
Electron densities of the 15 May 1993 flare kernels are shown in
Fig. 13. The maximal value of N (2 x 10"" cm™?) was reached at
22:08 UT by the kernel L. The maximum of density for the ker-
nels A, B+C and D was not observed due to the satellite night.
Density during the decay phase dropped from 1 x 10'' cm™3
(the kernels A and B+C) and 6 x 10 cm™3 (the kernel D) at
23:10 UT. After 6 UT the density of the last kernel (the kernel A)
was only 6 X 10° cm™3.

The HXR flux of the 14 May 1993 flare was very high dur-
ing the first maximum (see Fig. 14). Emission in all channels was
dominated by a strong impulsive component. Two highest max-
ima can be seen, even in channel H. During and after the second
maximum, emission in the channels L and M1 was dominated
by a smooth component (see Fig. 15). The impulsive compo-
nent was very weak — there were only two pulses in channel L;
the first one also can be seen in the channels M1 and M2. No
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Fig. 10. Sequence of Yohkoh/SXT images in the All2 filter for the 14 May 1993 flare. In each image the heliographical grid and magnetic field
configuration taken from the KPVT magnetogram were overlaid (light-grey line: +5 Gs, dark-grey line: —5 Gs). The magnetogram was made

about 8 h before the beginning of the flare.
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Fig. 11. Time-variations of the altitudes of the 14 May 1993 flare ker-
nels. For clarity the error bars were omitted.

emission was measured in channel H. The emission during
the second maximum was similar to the HXR emission of the
7 May 1993 flare. Thus, we can conclude (and this is confirmed
by HXT images) that the emission came mainly from loop-top
sources.

During the first maximum, the hardness ratio for the smooth
component was about 0.2—0.35 and for the impulsive compo-
nent: 0.6—0.9 (see Fig. 16). Thus, the pulses were non-thermal
emission with y = 3.0-4.2. After the satellite night the R of
the smooth component was 0.1-0.2 (see Fig. 17) which implies
thermal emission of about 30 MK hot plasma. The plasma was
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Fig.12. Time-variations of temperature 7 for the kernels of
the 14 May 1993 flare. The temperature was obtained from
Al12 diagnostics.

placed just above the kernel A (see HXT images). The first of
the two pulses that occurred at that time had the hardness ra-
tio of about 0.6. This means that the emission was non-thermal
(y = 4). HXT images show that the pulse came from a footpoint
source.

The quite high HXR flux of the 14 May 1993 flare allowed us
to obtain images in channels L, M1 and M2. A sequence of se-
lected HXT images overlaid on SXT/Bel19 images is shown in
Fig. 18. One bright source dominates in most HXT images made
for the first maximum (see Figs. 18a—e). The centre of the source
was situated at the centre of the kernel L and its size was almost
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Fig.14. HXR fluxes for the 14 May 1993 flare measured by
Yohkoh/HXT in four channels during the first flare maximum.

the same as the kernel. Moreover, the source was sometimes
elongated along the major axis almost parallel to the kernel L
major axis (e.g. Fig. 18a). The other HXR sources, seen for ex-
ample in Figs. 18c,d, were footpoint sources. This is confirmed
by impulsive soft X-ray brightenings detected for the sources
(Mrozek & Tomczak 2004; Mrozek — private communication).
During the second maximum, the strongest source seen in chan-
nel L was located above the kernel A (see Figs. 18f,h). With time
the source became more compact. In the channels M1 and M2
the number of counts was sufficient to obtain images only for the
pulse seen on light curves at about 23:03 UT. The obtained im-
ages show that the emission of the pulse came most likely from
a footpoint lying below the kernel D (see Fig. 18g).
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Fig.15. HXR fluxes for the 14 May 1993 flare measured by
Yohkoh/HXT in four channels during the second flare maximum.

3.3. The 27 April 1998 flare

The X1.0 flare of 27 April 1998 occurred in NOAA AR 8210 at
S16 E50. The flare began at 8:36 UT (Ha observations) and was
preceded by the slow increase of the soft X-ray (see Fig. 19).
After the flare maximum, which was at 9:20 UT, the SXR flux
very slowly decreased for about 20 h.

This flare was observed by Yohkoh from the beginning
until 4 UT on 28 April. Figure 20 shows a sequence of
Yohkoh/SXT images of the 27 April 1998 flare. At the flare be-
ginning, several short, bright loops were seen in the central part
of AR 8210 (see Fig. 20a). After the satellite night, a high arcade
with two loop-top flare kernels (A and B) were seen in the north-
ern part of the active region (see Figs. 20b—d). This flare very
clearly showed bright structure (arcade channel) running along
the tops of the flaring loops (e.g. Figs. 20b,c). In the late decay-
phase of the flare (after 15:00 UT), kernels A and B became
less clearly visible and the arcade channel was rather uniformly
bright (see the Figs. 20e,f).

We can see that flare kernels A and B occurred at the cross-
ings of the arcade channel and arcade loops. This phenomenon is
particularly well illustrated by the kernel A. From about 13 UT
to 14:30 UT in the kernel A two subkernels (Al and A2) were
visible. At the same time the loop connecting kernel A with the
chromosphere split in two parts (see Fig. 20d). Subkernels Al
and A2 occurred exactly at the crossings of the arcade channel
and split loop.

Upward expansion of the flare arcade is clearly visible in
the Yohkoh/SXT images. Heights of the arcade were estimated
by measuring the altitudes of the kernel A (which was brighter
than the kernel B). We assumed that the altitude of the ker-
nel B was the same as the altitude of the kernel A, because all
arcade loops had similar lengths (see Fig. 20). The results are
shown in Fig. 21. Upward expansion of the arcade started before
9:00 UT with a velocity of more than 2 km s~! and was systemat-
ically decelerated. At about 4 UT on 28 April the velocity of the
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Fig.16. HXR fluxes for the 14 May 1993 flare measured by
Yohkoh/HXT in channels L and M1 during the first flare maximum (two
upper panels; background is subtracted). Hardness ratio R and spectral
index y (bottom panel) estimated from measurements in these two chan-
nels. Numbers at the maxima indicate their R after subtraction of the
smooth component.

expansion dropped below 1 kms™! and the loop-top kernels
reached an altitude of almost 9 x 10* km.

Using SXT images we derived 7', € and N for both of the flare
kernels. Contrary to the May 1993 flares, both diagnostics (Be
and Al) cover almost the whole duration of the flare. The excep-
tion is one satellite day during the late decay-phase for which
only Al.1 images are available. However, we present only the
Al diagnostics results to enable a comparison with the results
for the May 1993 flares. As described above, after 15 UT the
kernels A and B cannot be distinguished in the arcade channel.
Thus, from this moment to the end of the flare we analyze the
channel as one structure with no substructures. Temperatures ob-
tained for the kernels and the channel are shown in Fig. 22. The
maximum of T was not observed due to the satellite night. The
highest observed temperature of the kernels was about 7.6 MK.
Both kernels had almost the same temperature during their evo-
lution. At the end of the flare, T of the channel dropped below
6.0 MK. Figure 23 shows density versus time for both kernels
and for the whole channel after the kernels disappeared. As in
the case of temperature, the maximum of N was not observed.
During the whole decay phase of the flare, the density monoton-
ically decreased from about 1 x 10'' cm™ to 5 x 10° cm™3. As
we can see the brighter kernel A had almost the same or higher
density than the kernel B.

The HXR emitted by the analysed flare was high enough
to be detected by HXT from 8:50 UT to 10:05 UT. Before the
beginning of the satellite night (8:56 UT) HXR emission came
from several short, bright loops seen in SXT images. Because
a relation between these loops and the high arcade is unclear, we
decided to analyse only HXR measured after the satellite night
(from 9:36 UT) and coming beyond a doubt from the arcade.

time [UT, start 23:02:10 14 May 1993]

Fig.17. HXR fluxes for the 14 May 1993 flare measured by
Yohkoh/HXT in channels L and M1 during the second flare maximum
(two upper panels; background is subtracted). Hardness ratio R and
spectral index y (bottom panel) estimated from measurements in these
two channels. Numbers at the maxima indicate their R after subtraction
of the smooth component.

At that time HXR emission was weak (see Fig. 24). The emis-
sion in channel L was dominated by a smooth component. There
was only one, rather smooth and wide pulse. In the higher chan-
nels M1 and M2 only two pulses could be seen: the first is the
same as in channel L and the second, very weak, occurred at
9:44 UT. No signal was measured in channel H.

The hardness ratio R for the smooth component was about
0.05-0.10 (see Fig. 25). Thus, the component was emitted by
20-30 MK hot plasma. The plasma was placed mainly just
above the kernel A (see HXT images in Fig. 26). The stronger
of the two recorded pulses had R = 0.4. This suggests non-
thermal emission with a spectral index y = 5.5. The emission
might come from the loop footpoint below the kernel A.

The HXR flux coming from the analysed flare was sufficient
to obtain HXR images only in channel L and M1. Results are
shown in Fig. 26, where selected HXT images are overlaid on
SXT/Bell9 images. The HXR emission in channel L was dom-
inated by high-altitude sources. The first obtained HXT image
(see Fig. 26a) shows a broad, elongated HXR structure running
along and above the SXT arcade. The brightest part of the struc-
ture was situated above the kernel A. During next three min-
utes the structure became more compact (see Fig. 26b) and we
see only the elliptical source (Agxr) just above the kernel A.
In some HXT images one can see also the weak source (Byxr)
above the kernel B (see Fig. 26¢). For channel M1 we obtained
only one image (see Fig. 26d). The image shows that emission of
the strongest recorded pulse came from a footpoint source below
the kernel A.
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Fig. 18. Sequence of selected HXR images (contours) of the 14 May 1993 flare overlaid on SXT/Bel19 images (in gray). The contours have the
following values: 0.20, 0.35, 0.50, 0.70, 0.90 of the brightest pixel in each image. All images have size 64 x 64 SXT pixels.
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Fig.19. GOES/SEM X-ray fluxes for the 27 April 1998 flare (upper
curve: 1-8 A, lower curve: 0.5—4 A). Vertical lines indicate the obser-
vation time of the Yohkoh/SXT images shown in Fig. 20.

4. Discussion
4.1. Morphology

1. In the paper of Jakimiec et al. (1997) and Tomczak (1994)
the authors suggested that a so-called arcade channel —
a magnetic tube running along the tops of arcade loops —
may be present in arcade flares. In our study we found some
observational evidence for the existence of such a channel:
(1) In some SXT images we can see a bright structure run-
ning along the tops of the loops (e.g. Figs. 10d,e and 20b—d;
areas between the loop-top kernels are fainter than the ker-
nels but brighter than the rest of the surroundings). (2) In
HXT images we found elongated structures located at the
tops of the loops (see Figs. 8e,f and 26b).

The so-called dark filament and its eruption is a common ob-
servational structure of the initial stages of arcade-flares evo-
lution. Also in theoretical models of arcade flares a magnetic
tube (dark filament) perpendicular to arcade loops is present
(e.g. Hirose et al. 2001; Uchida et al. 1999) and plays an
important role in accumulating and releasing the magnetic

energy. We can expect some relation between the dark fila-
ment and arcade channel. Further observational and theoret-
ical study is needed to clarify this relation.

The presence of an arcade channel would have two interest-
ing consequences. Firstly, loop-top kernels would be located
at crossings of the arcade channel and arcade loops. This
phenomenon is particularly well illustrated when two sub-
kernels are seen in a kernel (e.g. the kernel A of the
27 April 1998 flare). At the same time a loop connecting this
kernel with the photosphere is split in two parts. Secondly, it
was shown by Jakimiec et al. (1997) and Jakimiec (2002b)
that a configuration with perpendicular magnetic tubes may
leads to development of MHD turbulence. The SXT spectra
of all flares (even during the decay phase) show a signifi-
cant non-thermal line broadening (NTLB; Antonucci et al.
1982; Fludra et al. 1989). This NTLB is larger than if due
to thermal motion. It is thought that at least a part of the ob-
served NTLB is due to turbulent plasma motion in kernels.
Since Skylab observations, it has been suggested that some
restrictions to a flow of mass and energy out of the kernels
to loops “legs” must exist. The MHD turbulence can provide
such restriction (see Jakimiec et al. 1998).

Individual LDAFs kernels may occur in SXT images at dif-
ferent moments of the flare evolution. Some kernels occurred
at the beginning of a flare (the kernel A of the 7 May 1993
flare), others just after the flare maximum (the kernel D of
the mentioned flare). The duration of the kernels is also dif-
ferent, e.g. the kernel A of the 14 May 1993 flare existed for
about 8 h while the kernel C of the 7 May 1993 flare only
2 h. These differences may indicate that the situation leading
to formation of a flare kernel can occur not only at the be-
ginning of a flare but also after the flare maximum. The du-
ration of an individual kernel is determined by three factors:
(1) duration of the magnetic field configuration maintaining
the reconnection process; (2) amount of energy contained in
the magnetic field and (3) the rate of energy dissipation.
Moreover, the evolution of LDAFs, determined by the mag-
netic field configuration in a flare area, may be different. In
some cases all kernels appear and disappear almost simulta-
neously (see the 27 April 1998 flare). The kernels may also
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Fig. 20. Sequence of Yohkoh/SXT images in the All2 filter for the 27 April 1998 flare. In each image the heliographical grid and magnetic field
configuration taken from the Kitt Peak magnetogram were overlaid (light-grey line: +5 Gs, dark-grey line: —5 Gs). The magnetogram was made
on 27 April 1998 during the decay phase of the flare. The inset in the bottom corner of the image d) shows a magnification of the flare kernels.

100F T T T T T T - goF — - T T T T T/ T T ]
L 4 [ A kernel A b
L q & X kernel B J
L H{ } 4 75-_ %Q% O whole acrade channel h
) 80T H H f T %ﬁf %
g | o 5 Y
'S 60 H - < 7.0 N
3 % S 28
3 - H}H - C L -
32 | i
R R - °sF E ]
L }ﬁ i
L i L 8
L o ! L ]
ZO_IH — 60__ o St'% & w—_
G 1 1 1 1 1 1 1 1 1 | 1 1

12:00 15:00 18:00 21:00 00:00 03:00
time [UT, start 09:12 27 April 1998]

12:00 15:00 18:00 21:00 00:00 03:00
time [UT, start 09:12 27 April 1998]
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kernels. the 27 April 1998 flare. The temperature was obtained from
Al12 diagnostics.

appear and disappear one after the other as in both flares
of May 1993 (e.g. the first kernel of the 7 May flare (the
kernel A) disappeared just after formation of the kernels B,
C, D; the kernel D of the 14 May flare appeared last and
disappeared first).

The presence of several loop-top kernels in one LADF sug-
gests that energy release in these flares occurs in several
places simultaneously (see also Tomczak 1997 and Paper II).
Differences in the moments of kernel appearance and disap-
pearance, in time of their duration and in values of the physi-
cal parameters may provide information about the reconnec-
tion process in LDAFs. It means among other things that the

reconnection process is not uniform along the flaring arcade.
Moreover the process can develop either progressively along
the arcade (e.g. the 14 May 1993 flare) or nearly simultane-
ously (e.g. the 27 April 1998 flare).

. LDAFs kernels are large structures. Their radius is about

(1.0-1.5) x 10* km. The height of LDAFs arcade loops
grows during the flare evolution with their velocity decreas-
ing from several kms™! at the flare beginning to less than
1 kms™! in the late decay-phase. At the end of a flare the
height may sometimes reach almost 10° km. This confirms
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Fig.24. HXR fluxes for the 27 April 1998 flare measured by
Yohkoh/HXT in four channels.

results obtained by other authors from Skylab data (e.g.
Kahler et al. 1977).

. During the rise phase of both May 1993 flares, HXT images
were dominated by one compact source. The source was sit-
uated close to the SXR kernel. Distance between centroids of
the source and the kernel was always smaller than about 5 X
10° km (comparable with the kernel size). Besides this main
source there were also HXR footpoint sources. Such a sit-
uation was not observed for the 27 April flare but this may
be caused by the satellite night. After the maximum of the
14 May and 27 April flares, when arcades of loops were vis-
ible in SXT images, the main HXT/L sources were situated
about 10* km above the main kernels. In HXT/M1(M2) im-
ages of these two flares only footpoint sources were seen.
The HXR sources above SXR kernels contained hot plasma
at temperature of 20—-30 MK. The cooling times due to
conductive losses for these sources are of the order of

Kotomaniski: Investigation of long-duration arcade flares. I.

10: L
sk .
g b MWW r E
3 2_ | | MWWWW _
of ]
30 M1 7
2.5;— 3
3 20F E
3 e ;
© 1.05— I
ZZ_ H]h M .“U ‘l WW‘I M\ (MR ul \‘\
0320[ 27.3
E 0.4 ratio M1/L 1
0.15F Js.1
o 0105— Jdo2 <
0.05F J11
0.00k,

09:40 09:44 09:48 09:52
time [UT, start 09:35:45 27 April 1998]

09:36

Fig.25. HXR fluxes for the 27 April 1998 flare measured by
Yohkoh/HXT in channels L and M1 (two upper panels; background is
subtracted). Hardness ratio R and spectral index y (bottom panel) esti-
mated from measurements in these two channels. Numbers at the max-
ima indicate their R after subtraction of the smooth component.

10—100 s, 10 to 100 times shorter than the duration of the
HXR sources. Thus, there had to be some continuous en-
ergy release during the decay phase to balance the losses and
to support the sources existence. Therefore, the presence of
the hot HXR sources is indirect evidence of energy release
in LDAFs after their maximum. Such sources were not ob-
served for the 7 May flare, possibly due to the satellite night,
which started just after the flare maximum.

4.2. Physical parameters

1. LDAFs kernels are not very hot. The maximum “mean” tem-

perature of the analysed kernels was about 10 MK (value
taken from the Be diagnostics). However just above the ker-
nels there was also very hot plasma (20—-30 MK) seen in
HXT images even after the flares maxima.

The maximum density of the kernels was of the order of
10" cm™3. This is a typical value of N for different types
of solar flares.

The comparison of the parameters obtained from the Be119 and
Al12 diagnostics leads to the following conclusions:

1.

Temperature Ty is always greater than temperature Ta.
Difference between Ty and T’ is significant and grows with
temperature of a kernel. In the case of the analysed kernels
the value of (Tg — Ta) was in the range of 1-2.5 MK.

The emission measure eg and density Ng are always smaller
than e, and Ns. However, values of (esx — €g) and (Na —
Ng) are small and comparable with the errors of € and N,
respectively.

Significant and systematic differences between T and T's, grow-
ing with the temperature of a kernel, can be the result of its
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Fig. 26. Sequence of selected HXR images (contours) of the 27 April 1998 flare overlaid on SXT/Bel19 images (in gray). The contours have the
following values: 0.20, 0.35, 0.50, 0.70, 0.90 of the brightest pixel in each image. All images have size 64 x 64 SXT pixels.
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Fig. 27. Relationship between T and T's for some of the analysed kern
obtained slopes k are given in each graph. See text for details.

multithermal nature. In a such case Ty will be greater than 7'y
because the Be119 diagnostics is more sensitive to hotter plasma
than the All12 diagnostics. In order to be sure that this is not
an instrumental effect, we have displayed graphs of T vs. T's
(see Fig. 27). For each kernel we fitted a straight line using the
least-square method. Obtained values of slopes k are given in
Fig. 27. If differences between Ty and Ty were caused only by
instrumental effects, the slope k would be the same for all kernels
or there would be some difference between k for the kernels of
the two 1993 flares and k for the kernels of the 1998 flare caused
by aging of Yohkoh. However, the slopes k differ not only for the
kernels of different flares, but also for kernels of the same flare.
Thus, we can conclude that the analysed kernels were multither-
mal and different values of k indicate that there were different
relative contents of hotter and cooler plasma and different time-
evolution of these contents.

5. Conclusions

LDAFs have a more complicated structure than compact flares,
however their investigation can help us in better understanding

els. Straight lines were fitted using the least square method. Values of

processes that occur in flaring structures. In this paper we inves-
tigate the morphology and physical parameters of these flares.
The conclusions of our investigation are as follows:

1. Observations suggest that a magnetic tube (so-called arcade
channel) perpendicular to arcade loops may exist in LDAFs.
It was shown by Jakimiec (2002b) that such an interaction
between the arcade channel and arcade loops may lead to
development of MHD turbulence in loop-top kernels. The
turbulence can reduce the flow of mass and energy out of
the kernels to loops “legs” (see Jakimiec et al. 1998). Such
reduction has been suggested by other authors using Skylab
observations.

. The energy release in LDAFs occurs in several places simul-
taneously. The reconnection process is not uniform along the
flaring arcade.

. The analysis of HXT observations showed that even dur-
ing the decay phase hot plasma (20-30 MK) is present in
LDAFs. This is indirect evidence of energy release in LDAFs
after their maximum.
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The X-Ray Telescope (XRT) and EUV Imaging Spectrograph
(EIS) onboard the new solar observatory Hinode will provide
observations with better quality than Yohkoh. The observations
will allow us to continue the study of processes taking place
in LDAFs.
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