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Abstract. We study the decay phase of an M2.6 flare, observed
with ground based instruments at NSO/Sac Peak and with the
cluster of instruments onboard Yohkoh. The whole set of chro-
mospheric and coronal data gives a picture consistent with the
classical Kopp-Pneuman model of two-ribbon flares. We clearly
witness new episodes of coronal energy release, most probably
due to magnetic reconnection, during the decaying phase of the
flare. Within the newly created chromospheric ribbons, we iden-
tify several small kernels, footpoints of magnetic loops involved
in the flare, where energy is probably deposited by a conduc-
tion front from coronal sources. The presence of a source (T.=22
MK, and EM=5.x10* ¢cm~3) thermally emitting in the 14-23
keV energy band confirms this hypothesis.

A new, interesting observational result is given by the mea-
sure of chromospheric downflows in different parts of the flaring
kernels. For all the cases examined, we find a stronger down-
flow at the outer edge of the flaring structure. The flows have
amplitude of tens of km s~!, over regions only a few arcsec
across, and seem to decrease when the flaring kernels slow their
motion on the solar surface and fade away. We believe that these
downflows directly map the outer boundary magnetic field lines
of the reconnecting loops, as predicted in recent reconnection
models that take into account explicity the effects of heat con-
duction. The flows represent the chromospheric counterpart of
coronal features observed in soft X-ray such as cusp-like struc-
tures and the temperature stratification in flaring loop systems.
The observed amplitude of these chromospheric flows could be
an important constraint for quantitative modelling of coronal
reconnection mechanisms and their effects on the lower solar
atmosphere.
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1. Introduction

Eruptive flares, a term that encompasses several classifications
used in the past (“two-ribbon”, “long-decay” or “dynamic”
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flares), are one of the most interesting activity phenomena on
the Sun. While their morphological manifestations vary over a
wide range, from eruptions of quiescent filaments (disparition
brusque) with no visible flare in H,, to powerful two-ribbon
flares, common characteristics are given by a global magnetic
field disruption and processes of energy release long lasting af-
ter the end of the impulsive phase. The magnetic reconnection
model invoked to interpret these flares postulates that the mag-
netic field lines, open by some eruptive phenomenon, reconnect
to a lower energy state. This reconnection process is very fast
in the beginning of the flare and slows down in later phases
(Kopp and Pneuman, 1976). The separation of the flare-ribbons
at chromospheric level, and the rising of the system of loops
in the corona, are considered signatures of the magnetic recon-
nection processes. During the last few years, the high-resolution
images obtained from the Hard X-ray Telescope (HXT) and Soft
X-ray Telescope (SXT) on Yohkoh have shown features consis-
tent with the hypothesis of a reconnection site in the corona.
In particular, a hard X-ray source located above the soft X-ray
loops (Sakao et al., 1992; Masuda et al., 1994) and the cusp-
like loop structure, suggestive of a reconnection site (Tsuneta et
al. 1992; Tsuneta, 1996), support the idea that magnetic recon-
nection occurs above the loop top. Aschwanden et al. (1996)
measured the electron time-of-flight distances for 5 flares pre-
senting a Hard X-ray (HXR) double footpoint source in addition
to a HXR source in the loop cusp, and found that the heights of
the HXR source are consistent with the electron time-of-flight
distance to the footpoints. This provides further evidence to the
idea that particle acceleration occurs in the cusp region above
the flare loop.

During the impulsive phase, when the reconnection rate
rapidly increases, the loop top shows a high temperature region
(Tsuneta, 1996), and it is plausible to assume that the chromo-
sphere might be heated by non thermal-electron impact (thick
target model) and/or by thermal conduction from this region.
The response of the chromosphere to both energy deposition
mechanisms is a strong chromospheric evaporation together
with a chromospheric condensation moving downward (Fisher,
1989; Ganetal., 1991). The blue-shifted emission component of
X-ray spectral lines observed in several flares (Antonucci et al.,
1982) is considered a signature of the chromospheric evapora-
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tion and the red-shifted emission of chromospheric lines (Ichi-
moto & Kurokawa, 1984; Canfield et al., 1990; Falchi et al.,
1992) a signature of the condensation motion.

In the case of a two ribbon flare, it is generally assumed that
the outer edges of the chromospheric ribbons are the footpoints
of newly reconnected hot coronal loops, whereas the inner edges
are the roots of cooling loops that later might become visible in
H,, (Moore et al. 1980, Svestka 1989). In a partial revision of
earlier reconnection models, Forbes & Acton (1996) found that,
if the magnetic fields are sufficiently strong, the reconnecting
magnetic field lines map in the chromosphere only to a thin re-
gion (=~ 1”) of downward moving chromospheric plasma at the
outer edge of the ribbons. Hence, the line-of-sight velocity in
different regions of the chromospheric ribbons during an erup-
tive flare may be a powerful diagnostic of the processes taking
place at coronal levels, in particular of magnetic reconnection.
An earlier report of peculiar effects on the outer border of a two-
ribbon flare was given by Svestka et al. (1980), that discussed
a set of multi-slit observations. They briefly reported of small
and very short-lived red-shifts in the H,, line profiles along the
outer edges of the ribbons in an eruptive flare, but did not spec-
ify the spatial dimensions of the red-shifts, nor their amplitude.
To our knowledge, other systematic spectral observations of
two-ribbon flares are available in the literature only for the late
phase, when post-flare loops are already formed (Schmieder et
al., 1987; Gu et al., 1992).

We report in this paper about flare observations obtained
during a coordinated campaign between Yohkoh and ground
based instruments, mainly the facilities of National Solar Ob-
servatory (both Kitt Peak and Sac Peak sites). In particular, we
will describe an eruptive, two-ribbon flare (GOES class M2.6),
observed on February 4, 1995. Qiu et al. (1997, Paper I) studied
the pre-flare and impulsive phase of this event, characterized
by a filament eruption and the subsequent formation of two
bright ribbons at chromospheric level. In this paper we study
the decay-phase after the maximum emission both in H, and
soft X-ray (SXR). We will concentrate on the study of new chro-
mospheric ribbons, formed simultaneously with new episodes
of energy release at coronal level, in order to look for evidence
of chromospheric signatures of the reconnection processes. The
data are briefly illustrated in Sect. 2, as well as some of the flare
characteristics. The flare evolution is described in Sect. 3 both at
chromospheric and at coronal levels, while a possible scenario
is discussed in Sect. 4. The motions observed in the ribbons are
reported and discussed in Sect. 5, and conclusions are given in
Sect. 6.

2. Observational data

OnFebruary 4, 1995, an eruptive flare (GOES class M2.6) devel-
oped in active region NOAA 7834 (1:=0.95), in the time interval
15:42-16:39 UT. The maximum H,, emission occurred at 15:43
UT (Solar Geophysical data).

At the onset of the eruptive flare, Yohkoh was just coming
out of its night, so the impulsive phase was observed only with
the Wide Band Spectrometer (WBS, Yoshimori et al., 1991) in
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the energy channels from 20 to 91 keV. Later on during the flare
development, the signal was too low to be recorded with this in-
strument. The Soft X-ray Telescope (SXT, Tsuneta et al., 1991)
and the Hard X-ray telescope (HXT, Kosugi et al., 1991) began
the observations in flare mode around 15:46 UT, for an interval
of about 10 minutes. SXT obtained images (FOV = 157" x 157",
2.46" /px1) with the aluminum (Al12) and beryllium (Be119) fil-
ters, with a time resolution ranging between 2 and 6 s. The HXT
recorded data in Pulse Height Mode (PHM) with 8 s time resolu-
tion; we could obtain images only in the lowest energy Lo chan-
nel (14-23 keV), due to the low emission in higher energy bands.
The HXT images (FOV = 158" x 158", pointing resolution ~
5"y were recovered with an integration time of about 50 s and
coaligned with SXT images (Masuda, 1994). The coalignment
of Yohkoh images with our photospheric and chromospheric ob-
servations was obtained using the full disk observations of the
Mees White Light Telescope (Wiilser, 1996). The Bragg Crys-
tal Spectrometer (BCS, Culhane et al., 1991) recorded spectra
in the three channels S XV, Ca XIX and Fe XXV, without spa-
tial resolution, from 15:46 UT up to 15:53 UT. In the following
analysis, we will mainly use the Fe XXV data.

For the general description of the available ground based
observations we refer to Paper I. We recall that images of the
flare region, with filters in different bands, were acquired with
the Vacuum Tower Telescope (VTT) at NSO/SP from 15:31 to
16:08 UT, with a typical temporal resolution of few seconds and
a spatial resolution of about 1”. Spectra in the range 3750-4150
A were acquired with the Universal Spectrograph (USG) from
15:43:00 until 15:56:03 UT, with the slit moving on different
positions in the FOV. This spectral range contains both the Call
K and Hj lines, that we use to provide a diagnostic of plasma
flows in the chromosphere. Finally, full disk magnetic maps
were available from NSO/Kitt Peak after 18:00 UT.

3. Flare evolution
3.1. Overview

The temporal evolution of the global emission is given in the
light-curves of Fig. 1.

The impulsive phase is characterized by a sharply peaked
HXR emission, measured with the WBS in energy bands up to
81-91 keV, and lasts about 90 s (Fig. 1-a). During this phase, at
chromospheric levels two bright ribbons develop very rapidly;
the ribbons are shown as R1 and R2 in Fig. 2-a, at the time of
maximum emission. Their peculiar shape follows the magnetic
inversion line, displayed in Fig. 2-a with the solid contour, which
surrounds an island of negative polarity just south of the main
(positive) spot. For a more detailed description of the magnetic
field of the region we refer to Paper 1.

As said previously, several Yohkoh instruments started ob-
serving at 15:46 UT, when the flare was already in the decaying
phase. In Fig. 1-b we show the light curves of the total flux in
the BCS resonance lines (Fe XXV and S XV), of the total flux
in the SXT Be filter images, and the hard-X ray light curve ob-
tained in the HXT 14-23 keV Lo-channel. The BCS S XV and
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Fig. 1. a X-ray light curves, given in arbitrary units and normalized
to the peak value, during the whole flare development. b X-ray light
curves, for the second phase of the flare, for several instruments aboard
Yohkoh

SXT Bel19 light curves have a smooth shape with a decreas-
ing time of about 5 minutes, while the Fe XXV and the HXT
light curves have a shorter decreasing time of about 1.5 minutes
and show a maximum at about 15:47:30 UT. Since the wave-
length of the S XV channel and the center of the Bel19 filter
transmission are both at ~5 A, it is understandable that the two
light curves have the same shape (Feldman et al., 1994). The Fe
XXV channel and the sensitivity curve of the filter Lo-HXT are
not centered at the same energy. However, the line emissivity
function peaks at a very high electron temperature of about 50
MK (much more than the temperature of Ca XIX and S XV);
the BCS - Fe XXV channel hence is sensitive to the emission
of hot plasma that might be responsible also for the emission
measured by the HXT (Fludra et al., 1995).

At chromospheric level, the flare decaying phase is char-
acterized by the weakening of the ribbons R1 and R2, and by
the development of new bright features along another portion
of the magnetic neutral line, closer to the spot (Fig. 2-b). This
suggests that another portion of the coronal arcade of magnetic
loops, connecting the negative polarity island with its magneti-
cally positive surroundings, becomes involved in the instability
processes causing the flare. The new flaring structures are an ex-
tension of the old ribbons (although their general enhancement
never reaches the level of R1 and R2), and they also spread
apart from the magnetic neutral line. Within these new ribbons
we can identify several smaller kernels, of a few arcsec size,
that brighten at different times in different locations, without
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following a clear sequence. These kernels and their properties
will be described in detail in the next sections.

Both the secondary maximum measured in different X-ray
energy bands, and the new bright chromospheric kernels, sup-
port the idea of new episodes of coronal energy release, taking
place during the decaying phase of this flare.

3.2. Chromospheric and coronal structures

Due to the saturation of some of the H,, line center images, we
describe the chromospheric evolution of the flare at other wave-
lengths, especially H,, + 1.5 A, for which we have a temporal
resolution of 2.5 s. In Fig. 3 we show H, + 1.5 A images at
different times, starting from 15:45:30.

We see that some small features, already present in the pos-
itive polarity ribbon R1 during the impulsive phase (B1 and C1
in Fig 3-a), are now reinforced, and new bright structures (Al
and A2) become visible. Al and A2 are small regions, 4-6" in
size, and extend, respectively, the ribbons R1 and R2. They are
located on opposite sides of the magnetic neutral line and reach
their maximum emission contemporaneously, at 15:45:45 UT
(Fig. 4-a). At 15:47:30 UT the patch A1 is not visible anymore,
while A2 reaches a new maximum (Fig. 3-c and 4-a) and be-
comes visible also in the He D3 line. This is simultaneous with
a maximum, in both H,, + 1.5 A and He D3, of kernel B1, that
in the meantime has moved about 3-4" towards the spot (Fig.
3-c and 4-b). The continuum light curves of all the kernels re-
main constant throughout this phase, while during the impulsive
phase at least one flaring kernel showed an increase of ~ 6% of
the continuum emission (see Paper I).

Images from SXT and HXT begin at this time, and their con-
tours are overlayed on the H,, + 1.5 A images starting from Fig.
3-b. The SXR emission extends over the bright chromospheric
area, with the maximum emitting region located between the
patches tracing the new ribbons and a more diffuse emission re-
lated to the old weakening ribbons. Due to the acquisition data
mode (PHM) and to the low level of emission we could construct
only one HXT image, at 15:47:30 UT, with an integration time
of about 50 s. The HXR emitting structure is a point-like source
(FWHM ~ 5", the resolution of the image) that spatially coin-
cides with the chromospheric region A2, while it only partially
overlaps with the most intensely emitting SXR region (Fig. 3-
c). Later on, at 15:48:45 UT, we don’t measure any hard X-ray
emission (Fig. 3-d and 4-b), and the emission at all the other
wavelengths examined has decreased both in area and intensity
(Fig. 3-d).

The X-ray emission maximum in the light curve of the to-
tal flux of Fe XXV (1.85 A), and in the 14-23 keV Lo-channel
related to the HXT source, coincide within 5 s to the chromo-
spheric maximum (Fig 4-b).
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4. Reconnecting loops and a thermal source

What kind of scenario can explain the observations reported in
the previous section? Kurokawa et al. (1988) observed different
bright kernels, seen in the H,, blue wing on the opposite polar-
ity regions of a two-ribbon flare, that attained their maximum
intensity simultaneously within 1 s. This brightening was also
simultaneous, within the same temporal resolution, to the max-
imum of the HXR curve. They argued that the chromospheric
kernels are the footpoints of a flaring loop system, heated by non
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Fig.2.aH, + 1.5 A image of the flaring re-
gion at the time of maximum emission. Im-
age scale and orientation are indicated. R1
and R2 are the ribbons that develop during
the impulsive phase. The solid contour rep-
resents the magnetic neutral line, encircling
a negative polarity island within the leading
positive polarity. The black square frames
the field of view of Fig. 3; b Flaring region
at a later stage. S1 and S2 are the positions
occupied by the USG slit at different times

Fig. 3a and b. H, + 1.5 A images show-
ing the global evolution of the flare for the
smaller field of view framed in Fig. 2. a The
white contour represents the magnetic neu-
tral line, while letters indicate flaring ker-
nels relevant to the discussion. The solid
short lines trace the horizontal motion of
these kernels; the arrows give the direction
of the motion; b SXT emission overlayed on
Ho +15A image. Contours are at 10, 30,
50, 70% of the global maximum emission.
The SXT loops cover both the old and new
chromospheric ribbons; ¢ Composite image
at the time of the secondary HXR maximum.
SXT countours are drawn for the same lev-
els of panel b, and show that the maximum
emission is shifting towards the new ribbons.
Black contours define the point-like HXT
source. Levels are 20, 40, 60% of maximum
emission; d Later stage of the flare. The SXT
contours now trace essentially the system of
loops between the new ribbons

thermal electrons with a time delay of no more than 1 s between
them. A similar explanation can be invoked in our case. The
temporal coincidence in the maximum emission (15:45:45 UT)
of A1 and A2 supports the hypothesis that they are the footpoints
of a flaring loop system, heated with a time delay of max. 2.5
s (our time resolution). Even if we have SXT images only at
15:46:20 UT, the presence of a loop system connecting Al and
A2 is evident in Fig. 3-c. We cannot yet draw conclusions about
the energy transport mechanism from coronal to chromospheric
levels, since we lack HXR light curves at the maximum time.
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Fig. 4. a H,, + 1.5 A light curves in the two flaring kernels Al and
A2, belonging to the ribbons R1 and R2 respectively. The curves are
normalized to the pre-flare intensity; b H, + 1.5 A (thick line) and
He D3 (thin line) light curves for kernels A2 (dotted) and B1 (solid),
together with the global HXR curve in the band 14-23 keV (dashed)

Evidence suggests that B1 and A2 are the chromospheric
footpoints of another loop undergoing a new heating process,
as proved by the new brightenings in the H,, wings and in He
D3 (Zirin, 1988; Cauzzi et al., 1995). The temporal coincidence
between the maximum emission of A2 and B1 at chromospheric
level and the maximum emission of the coronal plasma in differ-
ent energy bands, from 6.7 keV (Fe XXV) up to 23 keV, implies
that the heating involves the loop at coronal levels as well. The
apparent spatial coincidence of the chromospheric region A2
and the Lo-HXT source (Fig. 3-c), suggests that the HXR emis-
sion is mainly located in one of the loop footpoints, i.e. that it
is due to non-thermal electrons impacting on the chromosphere
(thick-target model, see Brown, 1971; Hudson, 1972; Emslie,
1978, 1983; Sakao, 1994 and references therein).

On the other hand, the similarity of the X-ray light curves
(Fe XXV and Lo-HXT, see Sect. 3.1) may be due to the fact
that we are watching the emission of the same plasma, i.e. that
the plasma emitting in the Fe XXV line could be the same that
thermally emits at 14-23 keV. To check this possibility, we can
estimate what would be the photons flux in the center of the Lo-
HXT channel, produced by the plasma emitting in the Fe XXV
line. The temperature T, and the emission measure EM of such a
plasma (T,=22 MK, EM=5.x 10* cm~3 at the maximum time)
were estimated from the spectral analysis using a program in
the standard Yohkoh software package.
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Fig. 5. (Thin line) Photon flux measured in the 18.9 keV band of the
Lo-HXT channel. (Thick line) Photon flux computed at 20 keV using
the T. and EM values derived from the spectral analysis of the BCS
Fe XXV channel

Following Mewe et al. (1986), we compute the photon num-
ber emissivity of the considered volume, at photon energy E per
unit energy interval (phot s~! keV—!)

11.6 xE

& (B, Te) = 1.032 x 107 *GxE~ T, "> EM % exp — T
€

using the appropriate Gaunt factor G = 1.18 and the center
of the Lo-HXT energy band (20 keV) as the photon energy E
(Kosugi, 1993). Taking into account the area of the collimators
and the efficiency of the detector we obtain a photon flux of the
same order of magnitude as the one measured with Lo-HXT
and with the same temporal behaviour. In Fig. 5 we show the
computed and the measured photon flux; the good agreement
between the two curves confirms that the hot plasma detected
in the BCS Fe XXV channel emits a sufficient number of high
energy photons to be detected with Lo-HXT.

The thermal origin of the HXR emission implies that the
emitting plasma is located in the uppermost portion of the mag-
netic loop. This plasma is probably heated by a reconnection
process that locally converts free magnetic energy into thermal
and kinetic energy. Part of this thermal energy is transported
down to the chromosphere by a conduction front and heats the
chromospheric footpoints A2 and B1. We can then argue that the
apparent spatial coincidence between A2 and the HXT source
is only due to projection effects. If we consider the spatial res-
olution of HXT (~ 5”), the position of the loop on the solar
disk, and its small size (10" radius), we find that the projected
location of a coronal loop-top HXT source could well coincide
with A2.

We cannot say with certainty which heating mechanism is
responsible for the brightening of the kernel pair A1-A2 (and
of kernel C1), since we lack direct coronal data. However, if the
pair B1-A2, for which we see both H, and He D3 emission,
is heated by conduction, it seems plausible that also the other
kernels, for which we don’t see any He D3 emission at all, are
heated by conduction as well.
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Fig. 6. a H, + 1.5 A image of the flaring
ribbons showing how slit S1 intersects the
bright kernels. The image has been slightly
rotated with respect to Figs. 2 and 3. The slit
crosses Cl1 in its outer edge, and B1 in its
inner edge; b, ¢ Call K profiles in a quiet
region (thin line) and in kernels B1 and C1
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5. Ribbon motions
5.1. Vertical motion (line-of-sight velocity)

We acquired spectra with the slit of the USG positioned succes-
sively in S1 and S2 as indicated in Fig. 2-b. The slits intersect
regions of the ribbons R1 and R2 formed during the impulsive
phase, and are tangent to sections of the ribbons newly formed
during the decay phase. With the slit of the USG in the position
S1, we acquired spectra from 15:44:48 until 15:46:52 UT, with
a time resolution ranging between 5 and 30 s. We show in Fig.
6-a an enlargement of the ribbon R1 intersected by the slit in
this interval: at 15:44:49 the slit is tangent to the inner edge of
the structure B1 and crosses the outer edge of the structure C1.
We recall that both B1 and C1 developed during the impulsive
phase, and had a new brightening around this time. Examples of
the corresponding spectra are shown in Fig. 6-b and 6-c respec-
tively. On the inner edge of B1, both the Ca II K line and the
Hjs line (not shown in the figure) are in emission, symmetric,
with a small red-shift of the line center (Fig. 6-b), while on the
outer edge of C1 both lines show a strong red asymmetry in the
wings (Fig. 6-¢). This asymmetry is stronger for the outermost
points of the structure.

At the time of the next spectrum (15:45:22 UT, see Fig. 7-a),
the kernel Al is well developed, almost at its maximum emis-
sion, and the USG slit is tangent to its outer edge. No spectral
asymmetry was detected in these positions before Al bright-

(thick line). The dashed line is the rest wave-
length of Call K

3935 3936

3934
wavelength (A)

ened, but at this later time both the Ca II K line and the Hy line
are in emission and show a red shift of the maximum emission
(Fig. 7-b). Along the inner edge of B1 still no asymmetry is
detectable, whereas in the points on the outer edge of C1 the
red asymmetry is still present (Fig. 7-c,d). Interpreting the red
shift as Doppler velocity (for the method used see Cauzzi et al.,
1996), we obtain downward velocities on the outer edges of Al
and C1 that are between 10 and 30 (£ 2) km s~', and almost
no velocity in the points of the inner edge of B1. This is clearly
summarized in Fig. 8-a and 8-b, where we show the velocity
measured along the slit, at the times reported above, together
with the intensity in the center of Ca II K line as an indication
of the position occupied by the ribbon. Fig. 8-b clearly exem-
plifies the case of Al, where a substantial downflow is visible
even before the ribbon itself becomes visible in the center of
Call K.

We acquired spectra with the slitin position S2 (see Fig. 2-b)
from 15:46:10 until 15:48 UT. In these spectra the various bright
features are all connected, and is not easy to distinguish their
inner and outer edges. However, we note that the slit is tangent
to A2 along its outer edge, before its second peak emission. The
two spectra obtained between 15:46:10 and 15:46:20 UT along
the outer edge of A2, show the Ca Il K and the Hy lines in emis-
sion with an unshifted component and a weaker and wider red
shifted component. The derived velocity of this shifted, weak
component is > 50 km s~!. The next spectrum,approximately
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Fig. 7a—d. As Fig. 6, around the time of si-
multaneous maximum between Al and A2.
Now the slit touches also Al in its outer
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on the same position, was obtained more than one minute later
(15:47:27): here both the Ca II K and the Hg line show a red
asymmetry, which, if interpreted as Doppler shift, gives a ve-
locity of about 15 km s~!. The presence of this “edge” effect
seems therefore to exist for all the considered kernels, although
the temporal sequence is not so clear for A2 as it is for Al.

To check for the presence of stronger velocities in the out-
ermost points of the ribbons during other phases of the flare, we
considered also the spectra acquired during the impulsive phase.
The slit intersected ribbon R1 in a portion heated by conduction
from the hot corona (see Fig. 4 of Paper I, and the discussion
in it). Six spectra were acquired in a 30 s interval (15:43:00 to
15:43:30). For all of them the stronger downflows (20-40 km
s~!) are found in the outer points of the ribbon, while the inner
edge shows very small or zero velocity. Fig. 8-c shows this trend
at 15:43:12 UT.

5.2. Separation motion

Also during the decaying phase, the two (new) ribbons move
apart from each other, away from the magnetic neutral line (see
Paper I for motion during the impulsive phase). We followed the
displacements of the different bright kernels in time, and traced
them in Fig. 3-a with solid short lines. The arrows indicate the
direction of the motion.

wavelength (A)

3935 3936  kernels A1, B1,Cl1 (thickline). In panel b the
Al pre-flaring profile (dotted) is also shown

T AR
3934

At the time of their maximum, both Al and A2 move
at a high separation horizontal speed (> 40 km s~ !at
15:45:30 UT). Kernels B1 and C1, that slowed down imme-
diately after the impulsive phase, now show an average velocity
of about 30 km s~!. A2 is the only kernel that continues to
move away from the neutral line also in the final phase of the
flare (after 15:49:00). Some of these horizontal velocities are
shown in Fig. 9.

The kernels displacement velocities reported above are
consistent with values found in the literature for two-ribbon
flares. These vary from the particular case of no velocity at all
(Kurokawa et al., 1992; de La Beaujardiere et al., 1995), to val-
ues of about 40 km/s (Kitahara and Kurokawa, 1990). It must be
said that often the reported values refer to an average over the
whole ribbon, while individual kernels presumably can display
faster horizontal motions, as it appears to be the case described
in this paper.

5.3. What are these flows?

In Fig. 9 we summarize the ribbons dynamics, relying on ker-
nels Al, B1 and C1 for which we have clear evidence. These
kernels are all moving away from the magnetic neutral line dur-
ing our observations; their separation horizontal velocities are
shown in Fig. 9. On the outer edges of the flare ribbons (kernels
Al and C1, Fig. 9) we observe downflows of the order of tens
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Fig. 8a—c. Call K central intensity along the slit (solid line), and chro-
mospheric velocity in the corresponding points (crosses). The letters
indicate the position of the kernels. a 15:44:49, the time of Fig. 6; b
15:45:22, the time of Fig. 7; ¢ 15:43:12, at the end of the impulsive
phase

of km s~!, over a narrow region of 2-3" size. These downflows

seem to decrease in amplitude when the flaring kernel is slowing
down (and eventually stopping) on the solar surface, as exem-
plified by the case of kernel Al (Fig. 9). On the inner edge of
a moving ribbon, on the contrary, we observe only very weak
downflows, regardless of the horizontal velocities of the ribbon
itself (kernel B1, Fig. 9). This behaviour is strongly supported
by the observations in R1 during the impulsive phase (Fig. 8-c),
although the short interval for which we have spectral data does
not allow us to study its temporal evolution.

These signatures are consistent with the picture of two-
ribbon flares, where successive magnetic reconnection episodes
provide sufficient energy to heat and compress the chromosperic
plasma in the outer edge of the ribbons. For the case described
in this paper, the mechanism of energy transport from the coro-
nal to the chromospheric layers is most probably conduction.
In fact the presence of a hot plasma (T, ~ 20 MK) in the upper
part of a loop, that thermally emits in the 14-23 keV energy
bands (Sect. 4.), supports the idea that the kernel A2 and B1 are
heated by conduction, and suggests that conduction is the main
energy transport mechanism also for other kernels like Al and
C1. We know that also the points of R1 for which we measured
strong downflows (Fig. 8-c) were heated by conduction.

Reconnection models that explicity deal with the heat con-
duction effect (see e.g. Forbes et al., 1989; Forbes & Acton,
1996; Yokoyama & Shibata, 1997) show that the conduction
front directly maps the boundary magnetic field lines. This leads
to observations of hot cusp-like structures in soft X-ray (Magara

. Falchi et al.: Chromospheric evidence for magnetic reconnection

ol © ©

Bl

Al
40r 1

20r !

1 Q/Q@\@\
L L ‘ L L ‘ L L ‘ L
15:44  15:45 1546 15:47

Fig. 9. Line-of-sight velocities (open symbols) in the outer edge of
flaring kernels Al and C1 and in the inner edge of B1; positive values
represent downflows. Velocities away from the magnetic neutral line
(filled triangles) of the same flaring kernels are also shown

et al., 1996), and of systematically higher temperatures in the
outer loops of a flaring system (Tsuneta, 1996). We believe that
the chromospheric downflows that we observed in the narrow
regions at the outer edge of the flare ribbons map this conduction
front as well. Gan et al. (1991) showed that indeed the effect
of a conduction front on the chromosphere is the ablation and
a simultaneous compression of the plasma, with downflows up
to 100 km s~!, a value consistent with our observations.

Forbes (1996, private communication), on the base of theo-
retical considerations, indicated a thickness of few arcsec for the
locus of the downflows mapping to the conduction front. This
value is consistent with our observations, that show a width of
the chromospheric condensation at the edge of the ribbons of
2-3",

6. Summary and conclusions

We have studied an eruptive, two-ribbon flare, developed around
15:43 UT on Feb. 4, 1995 in a region near disk center. We con-
centrate mainly on the “decay-phase”, i.e. on the flare evolution
after the maximum emission both in H,, and soft X-rays. We
analyse coronal and chromospheric signatures, obtained with
the cluster of instruments onboard Yohkoh and at the VTT of
NSO/SP. In this later phase of the flare, we witness new episodes
of coronal energy release, as proved by observations of coronal
and chromospheric heating. We find convincing evidence that
such energy releases are due to magnetic reconnection.
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At chromospheric level we observe the development of two
new flaring ribbons, in different position with respect to the
ones developed in the impulsive phase. The ribbons separate
from each other at an average velocity of few tens of km s~!.
This kind of motion, often observed, is considered one of the
signatures of magnetic reconnection in the solar atmosphere.

Atcoronal levels we see SXR emission overlaying the whole
flaring region. The analysis of the Lo-HXT and Fe XXV light
curves points to a thermal origin of the HXR emission, from a
source of T.=22 MK, EM=5.x 10*® cm~3. This source is visible
in the only HXT image that we could recover, as a point-like
source positioned between the two new ribbons.

Within the new ribbons, several small kernels (4-6” in size)
brighten at different times; analyzing their spatially resolved
H, + 1.5 A light curves we find a close temporal correspon-
dence (within 2.5 s) between two pairs of kernels. We interpret
this temporal coincidence assuming that each kernel pair repre-
sents the chromospheric footpoints of a coronal loop (or small
system of loops) interested by the energy release, as in the case
studied by Kurokawa et al. (1988). In both footpoints of the
second pair of flaring kernels (maximum at 15:47:30 UT) we
see He D3 emission, but no enhancement of the continuum, a
signature often used to infer the site of non-thermal electrons
precipitation (Cauzzi et al., 1995; Qiu et al., 1997). This fact,
and the presence of a hot thermal source somewhere near the
loop top at the same time, suggest that the chromospheric foot-
points are heated by a conduction front. Other evidence lead us
to believe that conduction from a coronal source is the mech-
anism responsible also for the brightening of the other kernels
observed in this later phase of the flare.

The presence of a conduction front, directly related to mag-
netic reconnection episodes, is also consistent with an inter-
esting, observational result of this study: from Call K and
Hs spectra acquired in several positions across the flare, we
find that the most intense chromospheric downflows are present
at the outer edge of the ribbons. These flows have an amplitude
of tens of km s~!, and are observed whenever the slit crosses
the outer edge of a flaring kernel or ribbon, including those ob-
served in the flare impulsive phase. Other flaring structures show
only a moderate redshift of the spectral lines, corresponding to
flows of few km s~!. The downward flows seem to diminish,
whenever the kernels (or ribbons) slow their horizontal motion
on the solar surface and fade away.

We believe that these observations provide a clear evidence
of magnetic reconnection. As suggested in the classical two-
ribbon flare model, and explicitily shown in recent models that
consider heat conduction from the reconnecting site, the con-
duction front directly maps the outer boundary magnetic field
lines of the reconnecting loops. Its effect on the chromospheric
layers would be to compress the plasma, triggering downflows
only on the outer edge of the ribbons, consistently with our
observations. We are monitoring the chromospheric counter-
part of the same physical effect that causes coronal (soft X-ray)
cusp-like structures, and hotter coronal loops at the outer bound-
ary of a flaring system, usually assumed as direct evidence of
magnetic reconnection (see e.g. Tsuneta, 1996). Finally, our
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observations could provide quantitative constraints to models
of coronal magnetic reconnection that take into consideration
the effects of chromospheric ablation and compression from a
conduction front.
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