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ABSTRACT

Context. La is a strong chromospheric emission line, which has been relatively rarely observed in flares. The Transition Region
and Coronal Explorer (TRACE) has a broad “Lyman «” channel centered at 1216 A used primarily at the beginning of the mission.
A small number of flares were observed in this channel.

Aims. We aim to characterise the appearance and behaviour of a flare and filament ejection which occurred on 8th September 1999
and was observed by TRACE in La, as well as by the Yohkoh Soft and Hard X-ray telescopes. We explore the flare energetics and
its spatial and temporal evolution. We have in mind the fact that the L« line is a target for the Extreme Ultraviolet Imaging telescope
(EUI) which has been selected for the Solar Orbiter mission, as well as the LYOT telescope on the proposed SMESE mission.
Methods. We use imaging data from the TRACE 1216 A, 1600 A and 171 A channels, and the Yohkoh hard and soft X-ray telescopes.
A correction is applied to the TRACE data to obtain a better estimate of the pure La signature. The La power is obtained from a
knowledge of the TRACE response function, and the flare electron energy budget is estimated by interpreting Yohkoh/HXT emission
in the context of the collisional thick target model.

Results. We find that the La flare is characterised by strong, compact footpoints (smaller than the UV ribbons) which correlate well
with HXR footpoints. The La power radiated by the flare footpoints can be estimated, and is found to be on the order of 10%° erg s™!
at the peak. This is less than 10% of the power inferred for the electrons which generate the co-spatial HXR emission, and can thus
readily be provided by them. The early stages of the filament eruption that accompany the flare are also visible, and show a diffuse,
roughly circular spreading sheet-like morphology, with embedded denser blobs.

Conclusions. On the basis of this observation, we conclude that flare and filament observations in the La line with the planned EUI
and LYOT telescopes will provide valuable insight into solar flare evolution and energetics, especially when accompanied by HXR

imaging and spectroscopy.

Key words. Sun: activity — Sun: filaments — Sun: X-rays, gamma rays — Sun: coronal mass ejections (CMEs)

1. Introduction

Early observations of solar flares, prior to the advent of space-
based astronomy, recognised them as chromospheric phenom-
ena. Since the 1990s, coronal observations show dramatic ev-
idence of heating particle, acceleration and magnetic field
reorganisation, but it is clear that most of the flare energy (as dis-
tinct from the kinetic energy of any possible coronal mass
ejection) is ultimately radiated away as chromospheric emis-
sion, predominantly hydrogen Balmer a (more generally known
as Ha), hydrogen Lyman « (La) and the UV to infrared con-
tinuum. Observations at extreme UV and X-ray wavelengths are
essential and show exciting and dynamic coronal evolution, but
to form a complete picture of the flare phenomenon we must in-
tegrate them with the perhaps less glamorous La, Ha and broad-
band observations of the chromosphere.

One of the overriding questions in solar flare physics remains
the conversion of magnetic energy stored in the corona to non-
thermal electrons and ions, heat and mass motion. In the context
of the chromosphere, the standard model for a flare (particularly
the ‘collisional thick target’ electron beam heating model) pro-
poses that the chromospheric flare heating and enhanced radi-
ation arises as a result of energy deposition and ionisation by

a beam of electrons accelerated in the corona. In terms of the
timing relationship and the energetics the two are compatible,
although explaining the broadband white light emission proves
problematic since it is not clear how an electron beam can pen-
etrate to the depths required for the enhanced H™. However,
the electron beam model has thus far proved reasonably suc-
cessful in the context of both La and Ha observations (e.g.
Radziszewski et al. 2007) and we use this as a working hypoth-
esis in interpreting the observations presented here.

Hydrogen lines (La and Her) and continua are a significant
source of chromospheric cooling during flares, together with H™
and heavy ion lines and continua (Canfield et al. 1980a), ac-
counting for a few percent of the overall chromospheric cooling.
A few observations of flares in La exist, but these are mostly
in spectroscopic mode, with no spatial information. Canfield
et al. (1980b), studied a flare of soft X-ray importance M1
and Ha class 1N, which occurred on 5 September 1973, and
was observed by two spectrometers on Skylab, and reported
a La radiative power output of 2.2 x 10% ergs~'. This ac-
counted for on the order of 5% of the total radiative output at
the maximum of the flare. Using data from the OSO-8 satel-
lite, Lemaire et al. (1984) measured a maximum L« intensity of
2.1 x 10° erg cm™2 s7! sr™! in a flare of GOES class M1.0 on
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15 April 1978. Machado (1978) observed a number of events
with the Harvard College Spectroheliometer on Skylab, which
had a slit width of 5", and reported Le line flux integrated over
the line of ~6 x 10° erg s™' cm™ sr™!, averaged over bright
Lea patches in a 2B flare on September 7 1973.

Following these early reports, La observations lay rel-
atively dormant. A fortuitous observation by Brekke et al.
(1996) from the Solar Stellar Irradiance Comparison Experiment
(SOLSTICE, Rottman et al. 1993; Woods et al. 1993) showed
strong enhancements in UV lines, apart from Le, the irradiance
of which (i.e. the total flux density from the entire solar disk)
only increased by 6% above its non-flaring value, compared to
resonance lines of S1v and C 1V which had irradiance increases
of a factor 12. However, the La line was observed at the end of
the impulsive phase, whereas the S1v and C1V lines were ob-
served near the impulsive peak. The La radiance (specific inten-
sity of a resolved feature) was estimated to be some 75 times
stronger than its pre-flare average disk value, and despite the
small increase La was found to be more energetically important
than the other resonance lines. The strongest La enhancement
was in the line wings, with the blue wing somewhat more en-
hanced. The changes in irradiance were found to lie between the
values predicted by the F1 and F2 flare models of Machado et al.
(1980).

More recently, “Sun as a star” measurements were made
with the VUSS instrument onboard the CORONAS-F satel-
lite, and the total La irradiance increase estimated to be
about 10% (Nusinov & Kazachevskaya 2006) in an X-class
flare. Comparing with data from the SONG instrument on the
same spacecraft, the La peaks are shown to be “synchronous”
with hard X-ray emission at tens to hundreds of keV (Nusinov
et al. 2006), although the degree of synchronisation is not dis-
cussed. By comparison, “Sun as a star’” measurements performed
by SOHO/SUMER gave a relative signal increase of 70%
at the head of the hydrogen Lyman continuum (910 A) for
an X5.3 flare (Lemaire et al. 2004).

The Transition Region and Coronal Explorer (TRACE,
Handy et al. 1999b) has four UV channels, one of which in-
cludes the La transition. Though usually called the La chan-
nel, it has a broad spectral response, from just below 1100 A
to somewhat above 1600 A, and thus has a significant contribu-
tion from the C 1V lines at 1548 A. In the quiet Sun, this can be
corrected to yield the “pure” La intensity based on an empiri-
cal method developed for the quiet Sun (Handy et al. 1999b).
A small number of flares observed in the La passband early in
the TRACE mission have been reported in the literature. For ex-
ample Schrijver et al. (1999) and Schrijver (2001) discuss the
downflows observed in La during the late phase of a flare, and
Fletcher et al. (2001) examine 1216 A ejecta and chromospheric
source movements at low cadence, just after the impulsive phase.
Warren & Warshall (2001) mention that La pre-flare brighten-
ings are not co-spatial with subsequent flare hard X-ray emis-
sion sites. However, to our knowledge no detailed analysis of
TRACE La channel observations spanning the impulsive phase
have been presented. We will explore the information available
from the TRACE 1216 A channel alone, and in combination with
the TRACE 1600 A channel, estimating the flare L« intensity for
comparison with previous work.

The La line has been of interest in flares as a possible di-
agnostic of proton beams. Orrall & Zirker (1976) proposed that
charge exchange between beam protons and chromospheric hy-
drogen, and emission from the moving hydrogen atoms that
result, would lead to enhanced emission in the wings of the
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chromospheric lines. More refined calculations (e.g. Canfield &
Chang 1985; Fang et al. 1995; Zhao et al. 1998) suggested that
this should be an observable effect. Early Skylab observations of
the Le line profile by Canfield & van Hoosier (1980) detected
a slight red asymmetry in the early phase of a flare, however
the profiles were not in agreement with models of Canfield &
Chang (1985), and the SOLSTICE observations of Brekke et al.
(1996) showed a stronger La blue wing. (A related search for
alpha-particle beams using He I La emission by Brosius (2001)
also had a null result.) These discrepancies could be explained
in terms of various inclinations of the proton beam with re-
spect to the magnetic field and of the line-of-sight (Zhao et al.
1998). Henoux et al. (1995) and Zhao et al. (1998) conclude
from their theoretical studies that non-thermal charge-exchange
La (and Lyp) emission due to proton beams could be detected
best at the very early stages of the flare when the coronal col-
umn mass is small. Later in the flare, the proton energy at the
layers emitting the hydrogen spectrum is reduced by collisions.

On this basis, it seems plausible that line shifts and wing en-
hancements in the La line profiles observed at later stages are
due to bulk velocities of hydrogen atoms in the flaring atmo-
sphere. There are few examples of theoretical studies incorpo-
rating both the effects of a non-thermal electron beam and of
flows on the shape of the La line profile. We refer the reader to
the radiative hydrodynamic models of Allred et al. (2005).

This paper aims to characterise the appearance and be-
haviour of a flare and filament ejection observed by TRACE in
La as well as by the Yohkoh Soft and Hard X-ray telescopes. In
Sect. 2 we review the observations and describe the data process-
ing, and in Sect. 3 we give an overview of the flare event. Energy
diagnostics in La and hard X-ray from the impulsive phase are
discussed in Sects. 4 and 5 respectively. The flare was accompa-
nied by highly structured ejecta, and this is presented in Sect. 6.
We present our discussion and conclusions in Sect. 7.

2. Data analysis

In this section we discuss observations of an M1.4-class flare on
1999 September 08, in active region NOAA 8690, which was ob-
served by the Transition Region and Coronal Explorer (TRACE;
Handy et al. 1999a) and the Yohkoh Soft X-ray Telescope (SXT;
Tsuneta et al. 1991) and Hard X-ray Telescope (HXT; Kosugi
et al. 1991). The flare onset was 11:58 UT with a peak at
12:13 UT.

2.1. TRACE data

The TRACE telescope primary and secondary mirrors are di-
vided into quadrants, three of which are coated with multilay-
ers for imaging at EUV wavelengths. The fourth quadrant is
coated with aluminium and magnesium fluoride for imaging
very broad ultraviolet wavelength ranges near 1216, 1550, 1600
and 1700 A. Images in all the wavelengths are projected onto a
single CCD detector with pixels of 0.5”” on a side, correspond-
ing to a 1.0” spatial resolution. Our flare was observed with an
image size of 768 x 768 pixels, and 1216 and 1600 A images
were interleaved with a cadence of approximately 5 s per image.
At the very beginning and end of the event we also have some
171 A images.

The original images taken by the TRACE telescope must be
corrected for instrumental effects. The standard procedures in-
cluded in the Solar Software (SSW; Freeland & Handy 1998)
IDL routine trace_prep provided by the TRACE team are
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Fig. 1. Response of the TRACE 1216 A and 1600 A channels. The
1600 A filter curve has been normalised to the response of 1216 A filter
for comparison of the respective bandpasses.

subtraction of the dark pedestal (Analog-Digital-Converter
ADC); flat-field correction; correction for exposure time; image
normalisation to DN per s; and alignment and pointing correc-
tion between the two UV channels. The TRACE data were also
corrected for solar rotation. In order to compare TRACE images
with Yohkoh data, we made a TRACE pointing correction, based
on co-aligning the strongest TRACE and Yohkoh HXT sources,
assumed to be flare footpoints. We estimate that this can be done
with an accuracy of 5. The SXT pointing with respect to HXT
is accurate within 1”.

As shown in Fig. 1, the 1216 A channel has a broad spec-
tral response, having approximately the same sensitivity in the
~1500-1600 A range as it does at ~1216 A (see Handy et al.
1999a). This unusual spectral response results from the convo-
lution of a narrowband UV coating on the primary mirror at
1550 A and a filter near the focal plane centered at 1216 A. Much
of the contribution to the 1216 A channel in the quiet Sun is con-
tinuum. The 1500—1600 A range, for which the 1600 A channel
is optimised, includes the strong C IV pair, as well as lines of SiIl
and continuum. It has essentially no response at wavelengths less
than 1400 A.

As we can see in Fig. 1, around 60% of the response in the
1216 A channel is from the La 1216 A emission line while the
balance is from UV emission near 1550 A and longer wave-
lengths. Handy et al. (1999b) provide a simple method to re-
move this contamination by using a large number of solar irra-
diance data samples from Solar-Stellar Irradiance Comparison
Experiment (SOLSTICE; Rottman et al. 1993), and by compar-
ing TRACE 1216 A images with La images from the Very-high
resolution Advanced ULtraviolet Telescope (VAULT; Korendyke
et al. 2001) sounding rocket flight of May 7, 1998. Their result
is that pure La intensity can be obtained by a linear combination
of TRACE 1216 A and 1600 A channels:

Ie = A X 11216 + B X L1600, (1)

where I, is the intensity of the “pure” (i.e. corrected) La emis-
sion line, 1216 and Ij600 are the intensities as observed with
TRACE 1216 A and 1600 A channels, respectively, and A and B
are the fitting parameters. Kim et al. (2006) found best-fit coef-
ficients of A = 0.97 and B = —0.120, while Handy et al. (1999b)
found B = —0.14. These coefficients apply to quiet Sun observa-
tions, and it is not clear that they can be applied to flare observa-
tions, in which the ratio of contributions in each of the TRACE
channels may be different from their quiet Sun values, depending
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on the line and continuum excitations. The SOLSTICE flare ob-
servations of Brekke et al. (1996) showed a proportionally much
larger increase in CIV emission than in La. The continuum in
both regions increased by about a factor 2. However as noted
above, because of the direction of the wavelength scan the La in-
tensity was measured by Brekke et al. during the decay phase,
whereas the C IV intensity was measured in the impulsive phase.
In the absence of any further information we will use the Kim
et al. (2000) prescription. The effect of the correction applied
can be seen by comparing the light curves shown in Fig. 3, and
the top panel of Figs. 7 with 8.

2.2. Yohkoh data

The soft X-ray telescope (SXT) on Yohkoh is a grazing-
incidence telescope with a nominal spatial resolution of about
5" (2.46" pixels). It makes images in six different filters; we will
present images from the Be 119 um filter and the Al 12 filter. The
Yohkoh Hard X-ray telescope (HXT) uses a Fourier-synthesis
technique to make images in four hard X-ray (HXR) energy
bands i.e., L (14-23 keV), M1 (23-33 keV), M2 (33-53 keV)
and H (53-93 keV). The spatial resolution of HXT is de-
scribed by the collimator response FWHM of about 8”. For
our event, Yohkoh entered flare mode at about 12:13:36 UT.
The flare response provided full-resolution SXT images of a
region 2.6 X 2.6 arcmin® at a cadence of about 2 s. High-
cadence HXT data was also taken. Unfortunately, coverage stops
at 12:14:30, shortly after the flare mode onset, due to a data
downlink. However there are sufficient data to reconstruct three
images.

The Yohkoh/SXT data are prepared using the SolarSoft
sxt_prep routine to correct the saturated pixels, subtract the dark
current, despike and correct for the vignette loss in the off-axis
signal. Exposure normalisation is performed, resulting in images
normalised to DN/s/image pixel. Saturated pixels are flagged.
Data are separated by channel and image resolution. The result-
ing counts per second per image pixel are used to produce both
images and light curves for the event.

2.3. Co-alignment between TRACE and Yohkoh
observations

We co-align TRACE images with SXT to examine the distribu-
tion of high-temperature plasma (Fig. 6). It is well known that
TRACE has a pointing drift during its orbit. To compare the
high energy data from SXT and HXT on TRACE, the SSW rou-
tine TRACE_MDI_ALIGN was used, which correlates TRACE
white light and the nearest-in-time MDI white light data. It is
then assumed that MDI and SXT are well aligned, and that
the relative pointing of the two spacecraft does not drift signif-
icantly before the flare observation starts. The nearest in time
TRACE and MDI white light images occur at 12:01:22 UT and
12:00:00 UT respectively, and the start of the flare observation
is 5 min later. There will likely be some relative drift in the in-
tervening period but we do not expect this to be significant.

3. Overview of the event
3.1. Time evolution

The flare studied here was catalogued as an M1.4 class flare, be-
ginning on 1999 September 08 at 11:58:00 UT. The GOES max-
imum was detected at 12:13:20 UT and the duration was around
50 min. The GOES light curves for the event are presented in
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Fig. 2. Temporal variation of the 3-s X-ray flux measured with GOES.
The upper curve corresponds to the GOES 1.0-8.0 A data, and the
lower to the 0.5-4.0 A data. Hashed regions indicate Yohkoh night.

Fig. 2. It is possible to differentiate three different phases of
the flare:

— Pre-flare phase from 12:10:00 to 12:13:00 UT: The soft
X-ray and UV emission begins to increase. Hard X-ray emis-
sion is not yet detected.

— Impulsive phase from 12:13:00 to around 12:16:00 UT: The
soft X-ray flux emission rises more rapidly; the hard X-ray
emission increases with several spikes over ten of seconds
(See Fig. 4 inset for more detail). The UV emission peaks.

— Post-flare phase from 12:16:00 UT onwards: The soft X-ray
flux rises to a peak at 12:16:00, then decays exponentially
during several hours. No hard X-ray emission is seen during
this time.

Figure 3 shows the time profiles of the TRACE 1216 A and
1600 A channels, and the corrected La, in counts per second.
These were obtained by thresholding the normalised exposures
at a level of 4000 counts per second, thus isolating the bright-
est flare sources. The footpoint sources were very intense, but
saturation was mostly avoided as the TRACE automatic expo-
sure control limited the exposure times to between 0.2 and 0.3 s
in the 1216 A channel, and between 0.04 and 0.1 seconds in
the 1600 A channel. The 1600 A flux rises earlier and more
rapidly than the 1216 A flux, and also peaks ~1 min earlier.
The TRACE 1216 A light curve decays more rapidly. During
the flare observed by Brekke et al. (1996) the La line remained
stronger overall, although the C 1V lines increased in intensity by
a much larger factor than did the La line. We can deduce that the
C1v contribution to the 1216 A channel during the flare is rather
small, and the differences between the two light curves primar-
ily reflect the behaviour of the La and C1V lines. There is evi-
dence for more early phase emission in CIv, with a somewhat
more impulsive behaviour. This might indicate that the atmo-
spheric layers responsible for producing the CIV emission are
heated/excited before the La emitting layers. The corrected Lo
also rises earlier than 1600 A or 1216 A. This La time informa-
tion must be treated with caution because we time-interpolated
intensities in the two TRACE filters, and because the correction
we applied might not correctly estimate the CIV contribution,
and bias the corrected La light curve.
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Fig. 3. Temporal evolution of the TRACE 1216 A, TRACE 1600 A and
the La corrected flux.

The HXT light curves from the early impulsive phase and in
the decay phase are shown in Fig. 4. Only the earliest part of the
impulsive phase was observed before the Yohkoh data downlink,
followed by spacecraft night. The flare was in its decay phase
when observations started again. The Yohkoh/SXT light curve
(not shown) demonstrates the usual steep rise in soft X-rays at
the beginning of the flare, and then the slow decay as the space-
craft comes out of eclipse.

3.2. Morphology of the event

Active region NOAA 8690 appeared on 05-September-1999 as
a small beta region on the north east of the limb of the Sun with
arch type filaments and bright Ha plage, and small sunspots.
Figure 5 (upper left panel) shows its configuration before the
M1.4 flare, which is a sunspot group characterised by a Syd mag-
netic configuration (from the BBSO Solar Activity Report).
TRACE images in the 171 A and 195 A wavelengths from just
before the flare show two small filaments (Fig. 5, lower panels).
The more eastern of these filaments is visible also in emission
in the La channel, unlike the eastern filament, which is not clear
either in emission or absorption.

The event starts around 12:05 UT with bright ejecta seen in
TRACE 1216 A. A pair of TRACE ribbons start brightening ap-
proximately 12:13:07, with a maximum at 12:14:23. The ribbons
visible in Fig. 6 spread apart, and the ejecta remain bright until
around 12:16:30 UT, after which they become faint and diffuse,
and difficult to distinguish from the background plage (see differ-
ence images in Fig. 11). Between the brightest ejecta, seen in the
left and middle columns of Fig. 6, and the footpoints there ap-
pears to be a void with a well-defined upper boundary, implying
the ejection of a discrete structure rather than a continuous out-
flow. The cloud of ejecta, most clearly visible to the south and
east of the ribbons, does not appear like expanding loops or a
confined jet, or a coherent dense filament. It has the appearance
of a spreading semi-circular sheet of material with embedded
“blobs”. This type of morphology is also seen in around 25% of
flares observed in soft X-rays, and was classified as a spray by
Kim et al. (2004). In the final phase of the flare, TRACE 1216 A
images show two obvious ribbons slowly separating.

Figure 6 shows the overlay of soft X-ray emission on 1216 A

images. The first two images in each row are from the impulsive
phase, at 12:13:42 UT and 12:14:02 UT, and the third is from the
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Fig.5. Upper panels: TRACE WL image showing the photospheric
configuration of NOAA 8690 on Sep. 8, 1999 and the TRACE 1216 A
image from the same time. Lower panels: TRACE EUV images show-
ing the two small filaments present in the active region just before the
flare, indicated by the arrows on the lower left panel.

gradual phase. The bright emission seen in the TRACE 1216 A
channel is spatially well correlated with the strongest emission
seen in the SXT images. As the main emission in TRACE ap-
pears to come from footpoints, this is suggestive of early phase
soft X-ray footpoints (as observed previously by Hudson et al.
1994). Also apparent from these images is a faint SXR emis-
sion to the south-east of the strong footpoints, and co-spatial
with the brightest part of the ejecta. This might imply that both
hot and cool plasma are present in the ejecta. Later in the event
the brightest SXR emission is co-spatial with the eastern ribbon.
However, its position is also consistent with what would be ex-
pected of emission from the top of an arcade of hot flare loops
joining the two sets of footpoints, as is usually found in the later
phase of flares.

Figure 7 shows the hard X-ray flare sources overlaid on
1216 A (upper panel) and 1600 A (lower panel) TRACE

shows the HXT time profiles at the beginning
of the flare at higher time resolution.

emission. The HXR images are produced using the MEM al-
gorithm in the Yohkoh/HXT software, integrating HXR counts
from 14-93 keV. The HXR and TRACE 1216 A footpoints again
coincide well. Figure 8 also shows an overlay of HXR emission
on the nearest La images, this time corrected for the UV con-
tamination using Eq. (1). The use of the corrected images allows
us to better visualise the correspondence between HXR source
and the flare ribbons seen in La.

Figure 9 shows the evolution of the flare at 171 A. A few
hours after the flare, a post-flare arcade is visible at coronal tem-
peratures. As one would expect, the post-flare loops bridge the
ribbons that are observed at 1216 and 1600 A, expanding into
and beyond the “void” region that appeared below the UV ejecta,
even taking the same shape as this void — compare loops in
Figs. 9 left panel with void in 7 top right.

4. Flare Energetics from TRACE 1216 A and 1600 A
observations

We use the corrected and normalised Lo images (i.e. with the
UV contamination removed) to infer the total La power in the
flare footpoints. Using IDL SolarSoft routine trace_uv_resp we
can convert the corrected La DN s~! into an intensity measured
in photons cm™ s7! sr™!. We assume that correction removes
the 1600 A component, leaving only the peak around 1216 A,
where the response function gives us 1 DN s~! pixel™' = 1.25 x
10" photons cm ™2 s~! sr!. Using a characteristic photon energy
corresponding to a La photon with hv = 1.635 x 107! erg we
can then convert from DN s~! pixel™! to erg cm™2 s~ sr™!.

As the intensity measured in the TRACE image also includes
a contribution from the background, it is advisable to repeat
the previously mentioned steps for a quiet sun region, in or-
der to measure the background and subtract the intensity of the
background from the intensity of the footpoints. This also gives
an idea of how close the results are to the previous spectrally-
resolved measurements of Lemaire et al. (1981). Results are pre-
sented in Table 1.

Using this empirical correction method, we determine the in-
tensity of the quiet Sun at La to be 1.63 x 10° erg cm™2 s ! sr!.
In spectroscopic observations, Lemaire et al. (1981) found the
intensity of the quiet Sun at L to be 6.55 x 10* ergcm™2 57! sr~!
over a 2 A passband, so our quiet Sun measurements are over-
estimating the intensity by a factor of 2.5. The reason for this is
not clear, since in the quiet Sun the Kim et al. correction should
be acceptable. It may be due to a changing calibration of the

TRACE 1600 A and 1216 A channels due to degradation of the
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lumogen with time, or an incomplete removal of the continuum.
It is likely that the flare measurements are also overestimates
by about the same factor. The flare footpoint intensity in this
event (GOES class M1.4) was 1.35 x 107 erg em~2 s7!osrl,
If this is also corrected by the factor 2.5, the resulting value

of 5.4 x 10° erg cm™2 57! sr™! compares reasonably well with
the value of 2.1 x 10° erg cm™ s~! sr™! measured by Lemaire
et al. (1984) for an M 1.0 event (which was a factor 1.4 less pow-
erful than the 08-Sep.-99 flare in terms of its soft X-ray flux).

However, the discrepancy does suggest that the Kim et al. (2006)
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correction does not sufficiently correct for enhanced C IV emis-
sion under flare conditions.

Assuming isotropic emission, the La power per unit area
in the footpoint regions is 1.7 x 10% erg s™' cm™2 (or 6.8 x
107 erg s~! cm™2 applying the correction factor of 2.5). The area
of a TRACE pixel is about (325 km)?, so that the emission is
1.8 x 10% erg s~! pixel™!, or around 10% erg s~! integrated
over the entire footpoint region. As will be shown in Sect. 5, this
is consistent with the electron beam power calculated from the
Yohkoh/HXT observations assuming a collisional thick target.

The VAL3C model of Vernazza et al. (1981) and the F1 and
F2 models of Machado et al. (1980) give a flare to quiet Sun ratio
for La at Sun centre of about 50 and 350 respectively. Our values
given in Table 1 seem to be more consistent with the F1 model
which describes faint to moderate flares. Machado et al. (1980)
note that in their F1 model, the La line is the most important
contributor to the radiative losses at the top of the flare chro-
mosphere. This underlines the need for more detailed modelling
(such as done by Allred et al. 2005), and moreover, for high spa-
tial and spectral resolution observations. We plan to investigate
more closely the TRACE La emission in our observations with
respect to semi-empirical models of the flare atmosphere in a
separate study.

5. Flare Hard X-ray energetics

Yohkoh/HXT observed this flare only for the first minute of the
impulsive phase. However this provides enough data to calcu-
late the electron beam power under the assumption of a chro-
mospheric collisional thick target. The four HXT energy chan-
nels L, M1, M2 and H showed strong impulsive bursts. We fit
the photon spectrum with

I(€) = A€ photons cm ™2 s™! keV™!, @)

Table 1. Value of the corrected Leaintensity measured in a quiet Sun
region and over a region in the flare footpoints.

Quiet Sun region  Footpoint region

counts s~ 7.35x 10° 3.66 x 10°
counts s~ px~! 68 5.64 x 103
photons s™! em™2 sr! 1.16 x 10'° 8.26 x 107
erg s~ cm™2 sr7! 1.63 x 10° 1.35 x 107

HXT Flare Spectrurm: B-Sep—89 12:13:26.340
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Fig.10. Hard X-ray spectra derived from the channel M2 of
Yohkoh/HXT data at the maximum of the flare.

where [ is the photon flux at the energy € in keV, vy is the
power law index and A is a normalisation constant. It is then
possible to deduce the instantaneous electron energy flux at
injection, above some “cut-off” energy E., assuming that the
power-law part of the spectrum is generated by electron-proton
bremsstrahlung in a collisional thick target process. Assuming
the Bethe-Heitler cross section, the following can be used
(Fletcher et al. 2007):

3 _
P(E > E.) = 53 % 10**y*(y - 1)B (y - )AEQ 7 (3)

272
where B is the beta function and A is the normalization constant
of the photon spectrum ().

In Fig. 10, we show the X-ray photon spectrum derived from
the Yohkoh/HXT data at the maximum of the hard X-ray flare.
The spectrum is well fitted by a power law with index 3.40 which
indicates a very hard spectrum. This result suggests that the hard
X-ray emission above 14 keV was produced by nonthermal elec-
trons. We tried fitting both a power law plus thermal spectrum
and a single thermal spectrum, but the single power-law pro-
vided a significantly better fit.
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Table 2. Parameters derived from Yohkoh/HXT data.
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Power law index = Normalization constant P > E. = 15 P>E.=20 P>E. =25
y A (107 ergs™") (107 ergs™) (107 ergs™)
3.399 + 0.008 243 +0.08 x 10° 8.61 +£0.28 431 +0.14 2.53 £ 0.08
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Fig. 11. 1216 A base difference images showing evolution of the erupting filament. The range shown from white to black is 200 DN/s. The top

left image is the base image.

The total energy in the electron spectrum depends on the
value of E. which cannot be determined from this spectrum.
Instead we use three values of E. and calculate the instantaneous
beam power carried by electrons above this energy. The spec-
trum implies that it might be reasonable to assume a low energy
cutoff as low as 15 keV, though values of 20-25 keV are more
typically assumed. In Table 2, we present the parameters derived
from the single power law fit.

The values in Table 2 are reasonable for a small M-class flare
such as this, and are also adequate to power the Le losses calcu-
lated in Sect. 4.

6. Large-scale dynamics — the filament ejection
and chromospheric disturbance

The TRACE UV observations also let us examine the evolution
of the extended flare region at very high spatial and temporal

resolution. A series of base difference images from the 1216 A
channel is shown in Fig. 11 (uncorrected for UV contamination).
The time of the base image is 12:05:00 UT, the time at which the
1216 A series began, and we have selected only a subset of the
images to show the overall evolution. The flat-fielded and nor-
malised TRACE images are first cross-correlated to correct for
drift and solar rotation, and then the base image is subtracted
from following images. Therefore, parts of the difference image
appearing bright are enhanced emission compared to the base
image. To the north west of the main flare brightening, at image
pixel location ~(360, 300) there is a dark region corresponding
to the disappearance of some loops just visible in the first im-
age. This could be due to the loops being ejected from the field
of view within a minute or so (as no traveling bright feature is
seen), losing mass in some other way, or being heated out of the
1216 A passband. The ejecta appear as a ragged cloud expand-
ing to the south east. This starts off bright and then fades in each
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subsequent image, presumably as the cloud expands. Around
12:14:41 UT and for a couple of minutes thereafter two patches
at pixel location ~(400, 220) and (400, 400) become bright.

In the three images following 12:15:31 UT, the brightenings
form a rough, diffuse semicircle, reminiscent of an “EIT wave”
but very much fainter. The cloud expanding to the south east
is structured on a scale of ~20”, with brighter “knots” within
a more diffuse background. At 12:17:35, three or possibly four
bright “knots” of emission are apparent in the cloud, moving
to the south east. These are resolved by TRACE, and have a
dimension at that time of approximately 20”. The knots them-
selves also grow fainter and expand. A rough estimate of the pro-
jected speed of the east-most knot is 300 + 50 km s~!. Eventually
the cloud of emission is no longer detectable above the back-
ground. We interpret the expanding brightenings to the south-
east as moving, emitting gas. However the brightenings to the
west are more static (e.g. around pixel position (400, 420)), and
may include some component of network emission which has
been enhanced by the passage of the disturbance. Contour levels
of [60, 200] DN/s in Fig. 11 allow us, as previously, to estimate
the surface intensity. A value of 60 DN/s corresponds to a sur-
face intensity of approximately 1.2 x 10 erg cm™2 s7!.

The emission at La wavelengths suggests cool plasma in the
ejecta, but as noted in Sect. 3, the ejection to the south east is
also faintly visible in soft X-rays at around 12:13-12:14 UT.
Unfortunately the SXR spatial resolution does not allow us to
see in detail the spatial distribution of the 1216 A and SXR emit-
ting plasma, so we cannot say whether they are co-spatial or are
there hotter and cooler clumps. It is possible that the ejecta are
primarily hot, with a small fraction of neutral H atoms efficiently

scattering the intense radiation around 1216 A from the flare site.

7. Discussion and conclusions

This paper presents the first examination of a flare in TRACE
1216 A at high spatial and temporal resolution. We applied the
empirical correction of Handy et al. (1999b) in an attempt to
separate the Lo radiation from the UV contamination in the
1216 A channel, and in doing so have shown that the majority
of the Lo emission originates from the flare footpoints, which
are compact and co-spatial with the HXR sources. Erupting ma-
terial is also visible in the corrected La images, as well as in
the 1216 A channel. The corrected Le peaks at approximately
the same time as the HXR (within a minute or so) but unfortu-
nately we do not have sufficient time coverage in HXT or time
resolution in the TRACE images to say more than this. From
a knowledge of the TRACE response function we have calcu-
lated the power radiated in the La footpoints, and shown that
this can be provided by the electrons which produce the observed
HXR radiation, under the assumption of a collisional thick target
chromosphere.

The event was associated with the eruption of a small fila-
ment that was visible in the active region before the flare. During
the eruption, the material emitted in soft X-rays as well as at the
cooler TRACE wavelengths. The filament before the flare was
presumably at temperatures of ~10000 K, so the SXR emis-
sion implies that the filament heated as it erupted. The reso-
lution of the SXT images is not sufficient to say whether the
SXR emission is uniform or clumpy. In TRACE, the erupting
material looked sheet-like with some embedded brighter knots
which spread and fade. The erupting material could be mixed
blobs of hot and cool material, or conceivably mostly heated
filament material but still with sufficient neutral hydrogen to
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scatter UV flare radiation from the chromosphere. This might be
the case if the hydrogen in the erupting filament does not have
time to reach ionisation equilibrium.

In summary, this study has confirmed much of what was pre-
viously known about flares in Le, including the typical La power
radiated, and also demonstrated its close spatial and temporal
association with the primary sites of energy release at the chro-
mosphere. One of the most intriguing part of the observation
is the filament eruption, which is already well underway before
the flare footpoints brighten substantially, and which shows a
morphology perhaps quite unlike what one would expect. It is
neither rope-like — such as one might expect for the “core” of
a classical 3-part CME, or bubble-like, such as one might ex-
pect for the “front” of a classical 3-part CME. In general, the
flare events which are triggered by filament eruptions can be ex-
plained by the standard flare model CSHKP (Carmichael 1964;
Sturrock 1966; Hirayama 1974; Kopp & Pneuman 1976).

The fact that the 1216 A channel and the corrected La emis-
sion both show the flare footpoints and the early stages of the on-
set of the eruption make this a promising channel for future ob-
servation of flares and eruptive events. Estimated Lo count rates
are high from a small M flare such as this, which should enable
high cadence imaging for similar or smaller events with future
instruments. As well as its intrinsic interest, we have been in fact
motivated to perform this analysis by forthcoming instrumen-
tation. The Extreme Ultraviolet Imaging Telescope (Hochedez
et al. 2007, see http://www.sidc.be/publications/docs/
EUI-AthensPaper-20061120.pdf) which has been selected
for ESA’s Solar Orbiter mission is intended to carry out La
imaging, as will the LYOT imager on the proposed France-
China SMESE satellite (Vial et al. 2007) currently under study.
These La instruments will provide an imaging overview of the
flare evolution, both the flare ribbons/footpoints and the initial
phases of the filament ejection, and will be particularly valuable
scientifically when carried out in conjunction with hard X-ray
imaging.
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