Solar Physics (2022) 297:36
https://doi.org/10.1007/s11207-022-01963-0

™

Check for
updates

Observation of a Flare and Filament Eruption in Lyman-« on
8 September 2011 by the PRoject for OnBoard
Autonomy/Large Yield Radiometer (PROBA2/LYRA)

L. Wauters' @ - M. Dominique' - R. Milligan? - .E. Dammasch' - M. Kretzschmar3 -
J. Machol*®

Received: 21 April 2021 / Accepted: 7 February 2022
© The Author(s), under exclusive licence to Springer Nature B.V. 2022, corrected publication 2022

Abstract

The Large Yield Radiometer (LYRA) instrument onboard the PRoject for OnBoard Auton-
omy (PROBA2) observes the solar irradiance in four channels in the UV-EUV. One of these
channels is centered around the hydrogen line at 121.6 nm. The solar Lyman-o emission
line is an optically thick line mostly formed in the chromosphere. Although it is one of the
strongest lines of the solar spectrum, only a limited number of instruments provided obser-
vations of solar flares in Lyman-«, and those observations differ significantly in shape, dura-
tions, and amplitude. We focus on an event that happened on 8 September 2011 (SOL2011-
09-08T15:46). This event, an M6.7 flare, was associated with a filament eruption that hap-
pened during the decaying phase of the flare. Most of the irradiance fluctuations observed
in the Lyman-« time series are synchronized with nonthermal emission fluctuations, as is
predicted by flare models. However, there is a late-phase peak in Lyman-o observations that
rather correlates with the timing of the filament eruption. We demonstrate that the eruption
of the filament is at the origin of this peak.
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1. Introduction

Solar flares, which are among the most powerful events in the solar system, are believed to
result from the thermalization of electrons that have been accelerated in the corona during
magnetic reconnection. These electrons, when reaching the dense chromosphere, heat up
the local plasma, of which the emission suddenly increases. The heated plasma then evap-
orates filling up the magnetic-loop structures in the flaring region up to the corona. Doing
so, it produces irradiance increases over a wide range of wavelengths that reflect the emis-
sion temperature reached, and of which the peak is delayed as compared to the peak of the
chromospheric emission. Flares are usually observed in the soft X-ray (SXR) and extreme-
ultraviolet (EUV) spectral ranges, where the contrast between observations in quiet-Sun and
flaring conditions is high. However, solar flares produce increased irradiance throughout
the whole solar spectrum. An important amount of energy is dissipated in the ultraviolet
above 120 nm (UV) and in the visible range (Woods, Kopp, and Chamberlin, 2006; Kret-
zschmar, 2011; Milligan et al., 2014). In particular, the hydrogen Lyman-« line at 121.6 nm
can radiate up to 100 times more energy during a flare than the SXR (Milligan et al., 2014,
2020; Kretzschmar, 2015). Still, because the quiet-Sun background at this wavelength is
much brighter than at the shorter ones (Avrett, Machado, and Kurucz, 1986) and because
of instrumental constraints, observations of flares at Lyman-« have for long remained rare,
difficult, and often controversial (Milligan and Chamberlin, 2016). Until recently, only a
few cases had been reported in the literature, in particular, by Lemaire, Choucq-Bruston,
and Vial (1984), Rubio da Costa et al. (2009), Kretzschmar, Dominique, and Dammasch
(2013), and Milligan and Chamberlin (2016). However, this wavelength is of prime impor-
tance for studying the flare energetics and for understanding the impact of solar activity on
the Earth’s atmospheric chemistry. Therefore, during the last decade, several missions dedi-
cated to solar observation included a Lyman-« channel. This, in turn, increased the number
of available observations. In a recent article, Milligan et al. (2020) compared 477 flares of M-
and X-classes observed in both Lyman-o and SXR emissions by the GOES-15 spacecraft.
This analysis confirmed that irradiance enhancements up to 10% are detected at Lyman-o
in most of the analyzed flares. However, these enhancements are not always in line with
those observed in SXR emission. Flares with a large amplitude in the SXR can appear much
fainter when observed at Lyman-«, especially when they are located close to the limb. This
can be partially explained by the optical thickness of the Lyman-« line. Another article by
Jing et al. (2020) used observations by the same instrument to investigate delays between
flare peak time in Lyman-« and in the SXR for 658 flares. They concluded that the vast
majority of the flares were peaking earlier in Lyman-« than in the SXR, as is expected from
chromospheric emission. Still, about a fifth of them were peaking later. Also, for the flares
with the Lyman-o emission peaking earlier, they mentioned that a significant portion also
displayed secondary subpeaks, of which some were detected during the decaying phase of
the flare. The authors attributed these late-phase peaks to thermal emission produced when
the heated plasma cools down.

The Large Yield Radiometer (LYRA: Hochedez et al., 2006; Dominique et al., 2013)
onboard the European Space Agency (ESA) PRoject for OnBoard Autonomy (PROBA?2)
spacecraft is an instrument observing the Sun in four wide bandpasses in the SXR to UV
spectral range. One of these channels is centered around the hydrogen Lyman-« line and
nominally spans the 120 — 123 nm range. Kretzschmar, Dominique, and Dammasch (2013)
reported ten observations of Lyman-« flares by this instrument, most of them happening
in 2010. However, as the Lyman-« channel of the nominal unit of this instrument quickly
degraded, the detections after 2010 became much rarer. The few cases reported were all
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Table 1 Bandwidths associated

with each LYRA channel. Channel Bandwidth
Lyman-o 120-123 nm
Herzberg 190-222 nm
Aluminum 0.1-5nm+ 17-80 nm
Zirconium 0.1-2 nm+ 6-20 nm

obtained when a special observation campaign involving one of the spare units of LYRA
was set up (Dominique et al., 2018).

In this article, we report on a new flare observation in the Lyman-« channel of LYRA
obtained from the main backup unit of the instrument early in the mission, so as to limit the
effects of degradation. This flare has an M6.7 amplitude on the GOES scale and was also
seen by the Geostationary Operational Environmental Satellite (GOES), the Extreme Ul-
traviolet Sensor (EUVS), and the Reuven Ramaty High Energy Solar Spectroscopic Imager
(RHESSI). Unfortunately, the Solar Dynamics Observatory/Extreme Ultraviolet Variabil-
ity Experiment (SDO/EVE: Woods et al., 2012), which also has a channel measuring the
Lyman-« emission, did not provide any observations of the flare. This event has a late broad
peak of smaller amplitude, which occurred about six minutes after the peak time reported
in the GOES catalog and which has no counterpart in the SXR. Interestingly, this small and
broad peak happens simultaneously with a filament eruption.

In Section 2, we give an overview of instruments involved in this analysis. In Section 3,
we provide an analysis of the flare, with an emphasis on its temporal evolution as seen in
various bandpasses. The section is also dedicated to the analysis of the small and broad peak,
which we associate with the filament eruption that occurred closely after the flare. Section 4
is the conclusion.

2. Instruments
2.1. LYRA

PROBA?2 was launched in November 2009, and LYRA measures the solar irradiance at high
cadence (nominally 20 Hz) with three redundant units, which can be used either individually
or two at a time. Each unit includes the same four broad channels, of which the bandpasses
are given in Table 1.

Except for the Lyman-« channel, those bandwidths have been defined so that 95% of the
measured signal in quiet-Sun conditions was emitted in the specified spectral range. How-
ever, this definition does not apply to the Lyman-o channel, to which out-of-band emis-
sion contributes significantly. The purity (i.e. the percentage of the measured signal actually
emitted in the defined bandpass) of the backup Lyman-« channel used in this article (corre-
sponding to Unit 3) was estimated at the beginning of the mission at 32.5% only (Benmoussa
et al., 2009; Dominique et al., 2013).

The biggest part of the measured quiet-Sun signal originates from wavelengths between
200 and 1000 nm. The spectral response of the main backup Lyman-« channel of LYRA
under quiet-Sun conditions is represented in Figure 1. However, during the flares, most of
the signal enhancement in this channel comes from the Lyman-« line itself, even if some
other flare-sensitive spectral lines in the UV and visible continua are also likely to contribute
(Avrett, Machado, and Kurucz, 1986; Dominique et al., 2018). Because the percentage of
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flare emission coming from those other lines is not accurately determinated, we must be
very cautious when using the Lyman-« channel of LYRA to estimate the energy dissipated
during a flare. Still, a big part of the observed flaring signal in this channel is believed to
come from the Lyman-« line itself.

Another instrumental aspect must be considered when working with the Lyman-« chan-
nels of LYRA, the aging of the instrument. From the beginning of the mission, LYRA suf-
fered severe degradation, affecting more strongly the longer-wavelength channels of the
nominal unit. BenMoussa et al. (2015) attributed this degradation to the progressive deposit
of carbon and possibly silicon contaminants. The resulting contaminant layer absorbs the
longer wavelengths more than the shorter ones, explaining the different loss of signal in the
four channels. In the Lyman-o and Herzberg channels of the nominal unit, the signal fell by
70% within the first month alone, and a loss of 99% is now reached.

If not for its triple redundancy, flare observations with the Lyman-« channel of LYRA
would have been limited to 2010. Fortunately, the backup units, which were less frequently
opened, degraded much less and were able to observe another few flare events over the
mission lifetime.

In this article, we focus on observations made by the main backup unit (Unit 3) on 8
September 2011. At that time the total signal measured by the Lyman-« channel of the
main backup unit had decreased by about 30% as compared to the beginning of the mis-
sion. However, this drop of signal affected all wavelengths homogeneously. No significant
changes have been observed in the channel’s spectral response. The LYRA time series used
in this article are calibrated using the procedure described by Dominique et al. (2013), which
includes a subtraction of the dark current, a scaling to a Sun—spacecraft distance of 1 AU,
a correction for the degradation, and a conversion from data numbers to W m~2. The time
series were also cleaned: maneuvers of the spacecraft (which occur every 25 minutes) and
transitions in the South Atlantic Anomaly region were filtered out.

LYRA acquires data at a nominal cadence of 50 ms. However, as the measurements in
the Lyman-« channel are very noisy, a one-second rebinning is applied.

2.2, GOES

In this study the LYRA observations are compared to those of the 15th Geostationary Op-
erational Environmental Satellite (GOES 15). Each GOES satellite has two X-ray sensors
(XRS), which provide solar X-ray fluxes for the wavelength bands of 0.05 to 0.4 nm and 0.1
to 0.8 nm. Measurements in these bands have been made by NOAA satellites since 1974,
and the design of the instrument changed little between GOES 1 and GOES 15 (Garcia,
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1994; Viereck et al., 2007). Since GOES 13, each spacecraft also carries an Extreme Ul-
traviolet Sensor (EUVS), which measures the solar irradiance in five EUV bands, including
one centered on the Lyman-« spectral line.

In this article, we use the data from the EUVS E-channel of GOES 15, which covers the
113 -130 nm spectral range, with about 88% of the irradiance coming from the Lyman-o
line during quiet-Sun conditions. These data are scaled to the daily SOlar Radiation and Cli-
mate Experiment/SOlar Stellar Irradiance Comparison Experiment (SORCE/SOLSTICE)
Lyman-o values with an exponential function, which simultaneously corrects the degra-
dation and the absolute values. GOES/EUVS observations are sampled at a 10.24 second
cadence.

2.3. RHESSI

The LYRA observations are also compared with measurements from the Reuven Ramaty
High Energy Solar Spectroscopic Imager (RHESSI: Lin et al., 2002). RHESSI consists of
nine bigrid rotating modulation collimators in front of a spectrometer, from which spatially
resolved observations can be produced by post-processing. RHESSI was launched in 2002,
and its activity ended in 2018. RHESSI provides information about particle acceleration and
explosive energy release in solar flares. The data obtained by this instrument cover the soft
X-rays (3 keV) to gamma rays (17 MeV) range. For hard X-ray energies (= 50 keV), the
emission is typically nonthermal (Krucker, Masuda, and White, 2020).

In this study, we compare the Lyman-o observations of LYRA to the measurements by
RHESSI in two energy ranges from 25 to 50 keV and from 50 to 100 keV at the cadence of
4 seconds. These data have been processed with the SolarSoft HESSI routines.

2.4. AIA

The Atmospheric Imaging Assembly (AIA) is an instrument onboard the Solar Dynamics
Observatory (SDO), which has been launched in 2010. AIA provides images from the so-
lar atmosphere in seven wavelengths. In this article, we compare the fluxes measured by
LYRA/Lyman-« to the spatially integrated signal from the AIA/30.4 nm and to AIA/160 nm
channels. We also check the AIA images at distinct times for the 8 September 2011 event
and particularly for the evolution of the filament eruption. The two wavelengths at 160 nm
and 30.4 nm, respectively, correspond to emission by the upper photosphere and the chro-
mosphere. We used an AIA temporal sampling of 24 seconds.

3. The M6.7 flare at 16:48 UT

We focus on the observations of 8 September 2011. On that date, a flare campaign was
scheduled with the backup Unit 3 of LYRA. Four active regions were present on the visible
side of the Sun, among which was the region labeled NOAA 1283 located at N14W40 with a
magnetic configuration §-y-8, which was very active and produced several M- and X-class
flares over a few days. On 8 September 2011, while the LYRA backup unit was operated,
the biggest event was an M6.7 flare. It is reported in the GOES catalog to have started at
15:32 UT, reached its peak at 15:46 UT, and ended at 15:52 UT. This flare is illustrated in
Figure 2.

As can be seen on this figure, the flare was observed by several instruments. Among oth-
ers, it produced a clear signature in the Lyman-o channel of LYRA. As mentioned before,
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Figure2 The M6.7 flare on 8 September 2011, as observed by the Lyman-« channel of LYRA (gray crosses),
the Zirconium channel of LYRA (cyan), the E channel of GOES/EUVS (dark blue), the 0.1 —0.8 nm channel
of GOES/XRS (green), the 25-50 keV range by RHESSI (red), and the 50—100 keV range by RHESSI
(brown). Unity-based normalization is used for all curves over the flare duration, which removes the preflare
background contribution.

the data samples acquired by this instrument during spacecraft maneuvers were filtered out,
producing the gaps around 15:35 UT and 16:00 UT, which unfortunately mask the start of
the flare. However, this flare was also observed by GOES/EUVS-E. The consistency be-
tween the Lyman-« observations by GOES and LYRA is good, despite the fact that the two
instruments have different spectral responses. We find the Pearson correlation coefficient
0.954 between the two signals (after interpolation of the GOES/EUVS-E signal to the LYRA
times) for the whole time range and the correlation coefficient 0.984 for the impulsive phase
only (15:36 UT to 15:43 UT). This could be an argument supporting the fact that most of
the emission in this range of the solar spectrum during flares comes from the Lyman-« line
itself. It also demonstrates that the limited degradation affecting the backup unit of LYRA
did not significantly change the bandpass of the Lyman-«a channel at the moment of the
flare. One noticeable difference between the two instruments is that the ten-second cadence
of GOES/EUVS-E tends to smear out the short-timescale fluctuations, which are better vis-
ible in LYRA data. The LYRA temporal profile also shows slightly faster cooling during
the decaying phase of the flare than that in GOES, which might reflect the contribution to
the LYRA broader passband of emission lines formed at higher temperatures and cooling
quicker, such as the Si IV lines around 140 nm and the C 1V lines around 155 nm.

The absolute amplitude of the flare also differs in the two instruments. LYRA/Lyman-o
shows an increase by 0.45% of its preflare measured irradiance, corresponding to a flare
increase of 2.8 x 107> Wm™2, which is of the same order as the amplitude of the
other 11 flares observed by LYRA/Lyman-« by Kretzschmar, Dominique, and Dammasch
(2013). On the other hand, a much more significant increase by 10.26%, corresponding to
7.2 x 107 Wm™2, is observed by GOES/EUVS-E, consistently with the study of Milligan
et al. (2020). The difference in amplitude is not completely understood. To check if it could
be partially explained by the degradation of the LYRA instrument, even if this was still lim-
ited at the time of the flare, we simulated the increase of signal that should be detected by
LYRA and compared it to the measured one. The simulation only covered the 1-190 nm
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Table 2 Times of the three main

peaks as observed in the various Instrument First peak Second peak Third peak

datasets. time [UT]  time [UT] time [UT]
GOES/XRS 15:41 15:46 -
LYRA/Zirconium 15:42 15:47 -
LYRA/Lyman-« 15:41 15:43 15:52
GOES/EUVS-E 15:41 15:43 15:52
RHESSI 12-25 keV 15:41 15:43 -
RHESSI 25 -50 keV 15:41 15:43 -

range' and was performed by multiplying solar spectra obtained from the FISM2 model
(Chamberlin et al., 2020) at the peak time and before the flare (at, respectively, 15:43 UT
and 15:30 UT) by the responsivity of the instrument and integrating their emission over the
bandpass. It resulted in an expected increase of signal of 4 x 10® Wm™2, which is lower but
still consistent with the LYRA observations. This tends to confirm that the impact of degra-
dation on LYRA measurements at the time of the flare is limited. Other possible sources
for the difference in flare amplitude measured by LYRA and GOES could be the bandpass
of the two instruments with different flare-sensitive spectral lines other than Lyman-« con-
tributing to the measured signal. The authors have also considered the impact of geocoronal
absorption, as the orbit of PROBA2 has a much lower altitude than that of GOES (700 km
versus 36,000 km). Still, a factor of 20 difference seems surprising.

In Figure 2, two main peaks can be identified between 15:35 UT and 15:50 UT in most
time series. This double-peak profile, which is particularly pronounced in Lyman-o obser-
vations, corresponds to two main heating episodes also visible in the HXR curves (although
a short data gap masks the first peak in RHESSI data). This two-step heating profile is in
fact also present in the SXR measurements, even if the first one is not associated with a peak
strictly speaking, but rather to a bump around 15:42 UT. The times of the maximum of each
heating episode are indicated in the second and third columns of Table 2.

From Figure 2 we can also see that the time of the flare peak differs for each wave-
length range. The Zirconium time series of LYRA peaks later than that from GOES/XRS,
as it corresponds to emission by coronal plasma with lower temperature. Conversely, the
observations in Lyman-a peak three minutes earlier. Such a behavior is characteristic of
the chromospheric flare emission, which is expected to directly track the nonthermal emis-
sion. The Lyman-« emission is indeed produced when the nonthermal electrons accelerated
during the magnetic reconnection and that produce HXR via brehmstrahlung reach the chro-
mosphere and transfer their energy to the local plasma (see, e.g., Milligan and Chamberlin,
2016). This is confirmed by a good synchronization of the Lyman-« observations with those
made in HXR by RHESSI in two energy ranges, 25— 50 keV and 50— 100 keV.

Note that if all the small-scale fluctuations in the Lyman-o observations correlate well
with those in the nonthermal emission measured by RHESSI, the overall flare profile is
much smoother in Lyman-« than in HXR, with a long rise-then-decay background extending
beyond the impulsive phase of the flare, which is more typical of thermal emission. Part of
this contribution could be emitted higher up in the corona by the flaring loops, rather than at
the footpoints during the chromospheric evaporation.

IThe limitation to 190 nm was dictated by the spectral coverage of the FISM 2 model. However, this spectral
range includes, following the CHIANTI atomic database, the main spectral lines contributing to flares in the
bandpass of the Lyman-« channel of LYRA.
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Figure 3 The eruption of the filament (shown by arrows) as observed at 15:53 UT by AIA 17.1 (top-left
panel), 19.3 (top-right panel), 33.5 (bottom-left panel), and 30.4 nm (bottom-right panel). Degrees are used
for axis units.

All in all, the sequence of peak times in the various channels follows the predictions of
the standard flare model and the Neupert effect (Neupert, 1968).

However, something more unusual can also be observed in Figure 2. Around 15:53 UT,
the Lyman-a curve of LYRA exhibits a broad third peak of lower amplitude than the first
two, which is also visible in GOES/EUVS-E (although less prominent), but which is not
visible in other channels. We could not relate this peak to any instrumental or in-situ cause
(such as the impact of a particle on the detector in the South Atlantic Anomaly), in which
case it would have affected other channels of LYRA that share the same detector technology.

One possible explanation for this late third peak in Lyman-« is that it corresponds to
thermal emission produced by the plasma that has been heated during the impulsive phase
of the flare and has “evaporated” in the flare loops in the corona, as it cools down to chromo-
spheric temperatures. Jing et al. (2020), reported that about a fifth of the flares have Lyman-o
emission that peaks after the SXR peak, which they attributed to such coronal emission. The
delay of about nine minutes was observed between the second peak, and this third one in
Lyman-« would be compatible with this explanation.

However, this third peak might have another origin, a filament from the same active
region that partially erupted at the same moment and that was described by Zhang et al.
(2015). The filament eruption was visible in various wavelengths, as illustrated on Figure 3,
produced using JHelioviewer (Miiller et al., 2017). As was described in this article, the fila-
ment started to rise around 15:30 UT. It started to broaden at 15:42:30 UT, and at 15:46 UT
it split into two parts, one of which fell back on the Sun. The other one, however, managed
to escape around 15:55 UT and created a faint CME detected by SOHO/LASCO (see cdaw.
gsfc.nasa.gov/CME_list/) around 16:48 UT.

The third peak in the LYRA Lyman-« series covers the 15:46 UT to 16:00 UT time range,
which matches the interval during which the filament starts to thicken until the moment its
failing part falls back on the Sun.

Detection of filament eruptions have been rarely reported in Lyman-c. Rubio da Costa
et al. (2009) detected Lyman-o emission during an eruption that occurred on 8 September
1999. However, as this eruption was characterized by both a flare and a filament eruption, it
was not clear whether the Lyman-o emission was produced by cool material possibly mixed
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Figure4 The eruption of the filament as observed by AIA 160.0 nm. The arrows show the part of the filament
that fell back on the Sun. The axis units are in degrees.

with hotter one in the filament or whether this was flare emission scattered by the filament
material.

Milligan (2021) also attributed to a failed filament eruption the unusual high amplitude
of Lyman-« emission observed by GOES during a C6.6 flare that happened on 17 February
2014. Despite its large amplitude, the Lyman-o emission during this flare was also charac-
terized by a profile more similar to SXR emission than to HXR emission. All this seemed to
point to a coronal origin of this Lyman-o« emission.

In our case the Lyman-« profile during the third peak is rather smooth and does not
have any counterpart in the HXR. To confirm its origin, we looked for spatially resolved
observations of that event. There are, to our knowledge, no images of this event in Lyman-c.
However, this filament eruption is clearly visible in ATA 160 nm, which also corresponds to
emission by the transition region. The part of the filament that falls back on the Sun appears
clearly in emission, as can be seen in Figure 4.

By summing up the irradiance of all AIA pixels we can produce an irradiance time series
of AIA measurements. In AIA 160 nm a small bump is present around 15:53 UT, which is
well synchronized with that in Lyman-« (see Figure 5). The same exercise with AIA 30.4 nm
observations, which corresponds to higher emission temperatures, is not conclusive.

The fact that the filament eruption is not seen in the time series corresponding to the
emission by hotter plasma may provide us with an indication about the temperature reached
during the filament eruption.

To better assess the origin of the third peak, we have repeated the summation of pixels
intensities over two selected areas of AIA 160 nm images, respectively corresponding to the
flare core and to the filament, as illustrated on the left part of Figure 6. The corresponding
lightcurves for the flare and for the filament are shown on the right part of the same figure.
The filament lightcurve has a large broad peak, which coincides with the third peak observed
in LYRA/Lyman-a.

4. Conclusions

In this article, we presented a new observation of an eruption observed in Lyman-« by both
PROBA2/LYRA and GOES/EUVS-E. This eruption was associated with an M6.7 flare that
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Figure 5 Comparison of the normalized irradiance variation in LYRA/Lyman-« (black), AIA 160 nm (blue),
and AIA 30.4 nm (pink).
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Figure 6 The left panel shows the regions corresponding to the flare (white-square) and to the filament
(red-square) as observed at 15:55 by AIA 160.0 nm. The right panel shows the time series corresponding,
respectively, to the flare (white) and filament (red) integrated intensities.

happened on 8 September 2011. In this specific case, most of the Lyman-« emission exhibits
a profile with two main peaks tracking nonthermal emission and peaking ahead of the SXRs,
as expected. However, a third, lower and broad peak was observed around 15:52 UT, i.e.,
respectively 11 minutes after the first peak and 9 minutes after the second one. We have
shown that a failed filament eruption is at the origin of this third peak.

A fifth of flares observed in Lyman-« seem to peak after the SXR emission. We believe
that it would be also interesting to search those for the presence of filament eruption. This
will be done in future work.
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