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ABSTRACT

We report on the most prominent example of an above-the-loop hard X-ray source in the extensive solar flare
database of RHESSI. The limb flare of 2003 October 22 around 20 UT resembles the famous Masuda flare,
except that only one of the footpoint sources is visible with the other one occulted. However, even for this very
prominent event, the above-the-loop source is only visible during one of the four hard X-ray peaks, highlighting
the rare occurrence of above-the-loop sources that are equally bright as footpoint sources. The relative timing
between the above-the-loop and footpoint sources shows that the coronal source peaks about 10 s before the
footpoint source and decays during the time the footpoint source is most prominent. Furthermore, the derived
number of non-thermal electrons within the above-the-loop source is large enough to provide the needed number of
precipitating electrons to account for the footpoint emission over the duration of the hard X-ray peak. Hence, these
observations support the simple scenario where bulk energization is accelerating all electrons within the above-
the-loop source and precipitating electrons are emptying out of the above-the-loop source to produce the footpoint
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emissions.
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1. INTRODUCTION

The release of magnetic energy during solar flares is observed
to be impulsive and a large fraction of the released energy goes
into particle acceleration. Hard X-ray observations provide the
most direct diagnostics of electron acceleration processes in so-
lar flares. Hard X-ray emissions are most intense from the foot-
points of flare loops where electrons accelerated in the corona
precipitate into the much denser chromosphere-producing non-
thermal bremsstrahlung emissions (see the review by Benz
2008). Hard X-ray bremsstrahlung emissions from the corona
are generally much fainter, but are almost always present as well
(review by Krucker et al. 2008). The most frequently cited ob-
servations of coronal hard X-ray sources are from the so-called
Masuda flare (Masuda et al. 1994, 1995, 2000; Alexander &
Metcalf 1997; Tomczak 2001; Petrosian et al. 2002). For this
rare event, a hard X-ray source is seen above the thermal flare
loop, suggesting that the energy release happens above the flare
loops. High cadence studies of hard X-ray time profiles taken at
different energies reveal that the observed time-of-flight delays
are consistent with a coronal acceleration site located above the
thermal flare loops (Aschwanden et al. 1996). Krucker et al.
(2010) showed that the above-the-loop source itself is the loca-
tion of particle acceleration, where all electrons are accelerated
in a bulk-energization process resulting in a power-law elec-
tron population with an average energy of the order of 30 keV.
However, above-the-loop hard X-ray sources are only rarely ob-
served. This might be partially due to the limited dynamic range
of present-day telescopes, but different acceleration scenarios
might be present in other events. Different ideas that have been
recently discussed are energy transport from the corona to the

chromosphere by Alfvén waves resulting in particle acceleration
in the footpoints themselves (e.g., Fletcher & Hudson 2008) and
re-acceleration in footpoints (e.g., Brown et al. 2009; Turkmani
& Brown 2010).

In this paper, we present the event from the RHESSI (Lin
et al. 2002) database with the current best resemblance of the
Masuda flare geometry. The good counting statistics of this event
together with the imaging spectroscopy capability of RHESSI
provide a unique opportunity for detailed spectral and temporal
study of the relationship between above-the-loop and footpoint
sources.

2. OBSERVATIONS

The GOES M9.9 flare from 2003 October 22 around 20 UT
(SOL2003-10-22T20:07) that is discussed in this paper occurred
in the same NOAA Active Region (AR) 10486 as the famous
event of 2003 October 28 (e.g., Woods et al. 2004; Grechnev
et al. 2005; Emslie et al. 2005; Hurford et al. 2006; Kiener et al.
2006; Trottet et al. 2008), one of the most energetic flares ever
detected. On 2003 October 22, AR 10486 was just appearing
on the eastern limb. RHESSI missed the onset of the flare due
to spacecraft night, but showed three main hard X-ray peaks
during the impulsive phase with a fourth peak occurring about
10 minutes later just after the soft X-ray peak time (Figure 1).
When RHESSI came out of night, the count rate was already
high enough so that attenuators were inserted in front of the
detectors to avoid spectral distortions due to pulse pileup (Smith
et al. 2002). However, it took about 40 s until both attenuators
were in place. Hence, observations before 19:56:15 UT are
strongly affected by pileup (46% of the counts above 30 keV
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Figure 1. Time evolution of the GOES M9.9 class flare on 2003 October 22.
From top to bottom, the time profiles of the GOES soft X-ray flux, the RHESSI
hard X-ray flux in the non-thermal range, and the RHESSI spectrogram plot are
shown. RHESSI missed the onset of the event and only started observing the
Sun after 19:55 UT. The four hard X-ray peaks are labeled with numbers. The
orange bar marks the time of the image shown in Figure 2.

(A color version of this figure is available in the online journal.)

are due to pileup). In this paper, we mainly discuss imaging and
spectroscopy results of the third peak which shows an intense
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above-the-loop source, and mention the imaging results of the
other peaks for context (Section 2.2).

2.1. The Above-the-loop Source Seen during Peak 3

Imaging during peak 3 reveals chromospheric footpoint
emissions from a single source strongly suggesting that part
of the hard X-ray emissions are occulted by the solar disk
(Figure 2, left). Compared with the thermal flare loop, the
observed footpoint source originates from the southern flare
ribbon, with emissions from the northern ribbon occulted.
Since the radius of the Sun for the extreme-ultraviolet (EUV)
observations is larger than for the hard X-ray observations, the
EUV images from the Extreme-Ultraviolet Imaging Telescope
(EIT; Delaboudini¢re et al. 1995) do not show the flare ribbons
at all (Figure 2, left). We considered the possibility that the
observed single hard X-ray footpoint itself might be partially
disk-occulted, similar to what is suspected for the Masuda flare
(Wang et al. 1995). Since the thick-target beam model predicts
that higher energy emissions from the footpoints originate from
lower in the chromosphere (e.g., Kontar et al. 2008; Saint-Hilaire
etal. 2010), partially occulted footpoints are expected to show an
energy cutoff in the spectrum above which emission is occulted.
However, such a behavior is not observed (see the spectrum in
Figure 2, right), suggesting that the footpoint is not occulted. We
therefore conclude that the single hard X-ray footpoint source
that is imaged by RHESSI occurs at the limb, but that it is likely
fully visible.

Additional to the footpoint source, an almost equally bright
coronal source located about 6 Mm above the thermal flare loop
is seen above 40 keV (see Figure 2, left). This event therefore
strongly resembles the geometry of the Masuda flare, except that
only one footpoint is seen with the other one occulted. Using the
contour at half-maximum of the above-the-loop source, we find
that the above-the-loop source is extended and elongated with a
width of about 6 Mm and a length of 11 Mm (for details of source
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Figure 2. Left: imaging during peak 3 (19:57:30-19:58:02 UT): the RHESSI contours at 9-15 keV (red, thermal emission) and 35-100 keV (blue, non-thermal,
PIXON image at 7" FWHM resolution) are shown on an EIT image taken at 20:00:10 UT. Contour levels are 20%, 35%, 50%, 65%, 80%, and 95%. We note here
that the coronal EUV and hard X-ray emissions seen in this event strongly resemble the emissions from the partially disk-occulted event discussed in Krucker et al.
(2010). Right: spectroscopy during peak 3: the spatially integrated spectrum is shown as a histogram with a thermal fit (red, 7 = 33 MK, EM = 4.0 x10*® cm~3) and
a broken power-law fit (blue, y = 1.5, 4.1, 3.3, break energy = 29, 85 keV). The thin gray curve is the background. Imaging spectroscopy results are shown in dark
green for the footpoint (yy = 3.7 £ 0.5) and in magenta for the above-the-loop source (y. = 4.8 £ 0.4).

(A color version of this figure is available in the online journal.)
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Figure 3. Relative time evolution of the above-the-loop and footpoint source during peak 3. Left: CLEANed images taken every 4 s in the energy range of 35-100 keV
at low spatial resolution (17" FWHM; subcollimators 4 and up are used with natural weighting, see Hurford et al. 2002 for details) are shown. The low spatial resolution
is used to increase image quality, but to make it still possible to cleanly separate the above-the-loop and footpoint sources. The values of the contour levels are the
same for all images and correspond to 50%, 70%, and 90% of the intensity of the image taken at peak time (19:57:42 UT). Right: time evolution of the footpoint (blue)
and above-the-loop (red) source for peak 3 derived from 35-100 keV images. The gray curve gives the total time profile for reference.

(A color version of this figure is available in the online journal.)

size determination with RHESSI we refer to Dennis & Pernak
2009). Assuming a depth equal to the width, the volume of the
coronal source becomes ~4.0 x 10% cm?. This is about a factor
of four larger than the above-the-loop source in the Masuda
flare and about half the size of a different above-the-loop source
discussed by Krucker et al. (2010, SOL2007-12-31T00:37).
RHESSI imaging spectroscopy (e.g., Krucker & Lin 2002;
Battaglia & Benz 2006; Saint-Hilaire et al. 2008) reveals a flatter
(harder) spectrum for the footpoint (y; ~ 3.7 & 0.5) than for
the coronal source (y, ~ 4.8 &= 0.4), similar to what is reported
for the Masuda flare, if compared in the same energy range
(Masuda et al. 2000). Although the uncertainty is rather large,
the difference in spectral indices Ay = y. — yy = 1.1 £ 0.6 is
marginally consistent with thick target emission from footpoints
and thin target emission from a single electron population.

The relative time evolution of the coronal and footpoint
sources is derived by making CLEANed images in the energy
range of 35-100 keV (Figure 3). Despite the rather low counting
statistics, the large spatial separation between the two sources
of about 25 Mm makes it relatively easy to get individual flux
measurements. The coronal source is found to peak earlier by
about 10 s (see Figure 3, right) and decays during the time
the footpoint source is visible. After 19:58:04 UT, the limited
counting statistics do not allow us to accurately image both
sources. The image quality available for the Masuda flare makes
a detailed temporal comparison difficult. Nevertheless, the time
profile shown in the original publication (Figure 2 in Masuda
et al. 1994) reveals that the coronal source peaks one time
bin (12 s) earlier than the footpoints. The analysis presented
by Alexander & Metcalf (1997) using the PIXON algorithm
for imaging does not provide high time resolution profiles,
but shows that the footpoint sources are still bright while the

above-the-loop source is already decaying, similar to what is
seen here. Therefore, the time evolution of the Masuda flare
could be the same as for the event reported in this paper.

2.2. Earlier and Later Hard X-Ray Peaks

The first hard X-ray peak is difficult to analyze because of the
large number of pulse pileup counts. For the other peaks, the
above-the-loop source is not visible. Furthermore, the footpoint
emission seen during peak 2 is 65” to the north of the footpoint
seen in peak 3. Hence, a different loop system seems to be flaring
during peak 2, for which the southern flare ribbon is occulted.
The EUV emission to the north of the main flare loop around
[—960”/—270"] might be related to this earlier flaring loop
system. The fourth peak shows a compact footpoint from the
same location as seen during peak 3, however, there is no above-
the-loop source detected. The non-detection indicates that an
above-the-loop source in peak 4 is at least 10 times fainter than
the footpoints. This shows that above-the-loop sources are rarely
observed, at least with present-day hard X-ray instruments. Even
for events with a clear detection, the above-the-loop sources can
be absent during other time periods despite the occurrence of
bright hard X-ray footpoints. Hard X-ray focusing optics that
is currently developed for solar observations (Krucker et al.
2009) will provide high enough sensitivity and dynamic range
to regularly observe above-the-loop sources, if present.

3. DISCUSSION

In the following, we investigate if escaping electrons from the
above-the-loop source could produce the footpoint emissions at
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least for peak 3. We first estimate the number of non-thermal
electrons in the above-the-loop source, and then compare it to
the needed rate of precipitating electrons to produce the hard
X-ray footpoint emission.

To get the number of electrons in the above-the-loop source,
we adopt the interpretation from Krucker et al. (2010) that
above-the-loop sources are produced by a bulk energization
of all electrons to non-thermal energies. If all electrons are
accelerated, the density of non-thermal electrons in the coronal
source, n., is equal to the ambient proton density, and the
instantaneous number of hard X-ray producing electrons, N,
(e.g., Lin 1974, Equation (2.4)), can be derived from the hard
X-ray observations alone without the need of an independent
measurement of the ambient density (see Krucker et al. 2010 for
details): N. = 6.7 x 10°[E, /30 keV]~7/2*075 electrons above
the low-energy cutoff energy Ey. We use Ey = 30 keV given by
the spectral fit (Figure 2). Since this is an upper limit for Ey, the
derived values here should be considered as lower limits. Using
the derived volume of the above-the-loop source from above,
V ~ 4.0 x 10% cm?, the density of non-thermal electrons above
Ej becomes n. = 1.7 x 10°[Ey/30keV]~"/>*%75 cm~3 with a
total energy content of E, = 4.6 x 10%8[Ey/30 ke V] 7+173 erg.

Using the standard thick-target approximation (e.g., Brown
1971) and the spectral fit to the footpoint emission
(Figure 2, right), the energy-loss rate of energetic electrons
precipitating into the chromosphere becomes €, = 1.8 x
10%[Eo/30keV]"*! erg s~! provided by N; = 2.7 x
10*4[Ey /30keV]~7/ electrons per second above E.

It is now straightforward to calculate how long the coronal
source would last if it had to provide the electrons precipitating
into the footpoint: T = N./N; ~ 24[Eo/30keV]~71+7e/2+0.75 g
(we note here that, contrarily to N. and Ny, t does not heavily
depend on Ej). Since only one footpoint is seen with the
second footpoint occulted, t is expected to be smaller than
what is given above. Since equally bright footpoints are most
commonly observed (e.g., Saint-Hilaire et al. 2008), we adopt a
factor of two, giving 7 of the order of 12 s. Hence, the derived
timescale is of the same order as the observed e-folding time of
the coronal source of ~20 s (Figure 1, right). Together with the
time evolution, this indicates that the simple model whereby
the above-the-loop provides the electrons seen in the footpoint
sources could work.

Since the observed spectral difference Ay =y, —yy = 1.1&
0.6 1s within the uncertainties of the expected difference between
the thin- and thick-target models, the spectral distribution of the
electrons in the above-the-loop and in the footpoints could be
the same if the escape is assumed to be energy-independent.
However, the large uncertainty in Ay does not provide strong
constraints on the energy dependence of the escape probability.
Furthermore, transport effects can influence the spectral shape
as well (e.g., Battaglia & Benz 2007, 2008; Zharkova et al.
2010). Statistics are not good enough to find significant spectral
changes in time.

A further simple test of this model is to estimate the hard
X-ray emission that is produced by the precipitating electrons
between the above-the-loop and the footpoint sources. To derive
the emission from the leg of the flare loop, we assume the same
ambient density in the above-the-loop source as in the legs of
the loop and an energy-independent escape. The ratio of the
hard X-ray emission produced in the above-the-loop source to
the emission in the legs of the flare loop is then proportional to
the ratio of time electrons stay in the above-the-loop source, Az,,
and the electron transit time from the corona to the footpoint,
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Aty. From the observations we get an average At, of the order
of 10 s (half the total duration of peak 3). The transit time
of electrons with an energy of 30 keV (loop length is about
25 Mm) is ~0.2 s times a factor larger than one for the pitch
angle dependence. Since At > Aty the emission from the legs
of the loop is expected to be much fainter than the emission of
the above-the-loop source. Even for a very large pitch angle and
additionally including magnetic mirroring to enlarge the transit
time, the limited dynamic range of the RHESSI observations (of
five for complex images such as expected here) is likely not able
to detect hard X-ray emission from the leg of the loop.

4. SUMMARY

Good examples of above-the-loop sources similar to the
Masuda flare are rare even in the extensive RHESSI database
(e.g., Krucker & Lin 2008). Nevertheless, RHESSI observations
clearly confirm the existence of this type of source (e.g., Sui
et al. 2004; Krucker et al. 2010; Petrosian & Chen 2010). In this
paper, we report on the currently best example of a RHESSI flare
that resembles the Masuda flare geometry. RHESSI’s imaging
spectroscopy capability allows us to study the timing and
energetics of the above-the-loop source relative to the footpoints
with much better accuracy than before. In particular, we report
for the first time a detailed temporal and spectral comparison
between the above-the-loop and footpoint sources.

The above-the-loop source is observed to peak about 10 s
earlier than the footpoint sources and decays afterwards while
the footpoint source stays bright. This suggests that the above-
the-loop source provides the precipitating electrons that feed the
footpoint source. To make a more quantitative comparison we
estimate the number of non-thermal electrons in the above-the-
loop source and compare this to the needed precipitation rate
of non-thermal electrons to produce the hard X-ray emission
in footpoint source. The largest uncertainty in this derivation
is introduced by the unknown fraction of occulted hard X-ray
footpoint emission. However, assuming that half the emission
is occulted, the timescale to empty out the above-the-loop
source is of the same order of magnitude as the duration of the
footpoint emission. Hence, there are enough electrons within the
above-the-loop source to account for the footpoint emission.
We therefore put forward the following scenario: magnetic
energy release within the above-the-loop source produces a
bulk energization and accelerates all electrons to energies of
tens of keV, and electrons escaping the above-the-loop source
then produce the footpoint emission. Both the acceleration
and the escape mechanism are currently not understood. The
interplay between acceleration efficiency and escape probability
are important parameters for the creation of an above-the-
loop source. If the escape probability is large compared to the
acceleration efficiency, a bulk energization does not happen as
accelerated electrons precipitate too quickly. Hence, the rare
cases where we observe intense above-the-loop sources could
be events where the escape probability is low (e.g., trapping of
accelerated electrons within the acceleration region is efficient)
compared to the acceleration efficiency.
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