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ABSTRACT

We report on high-resolution optical and hard X-ray observations of solar flare ribbons seen during the GOES X6.5
class white-light flare of 2006 December 6. The data consist of imaging observations at 430 nm (the Fraunhofer
G band) taken by the Hinode Solar Optical Telescope with the hard X-rays observed by the Reuven Ramaty High
Energy Solar Spectroscopic Imager. The two sets of data show closely similar ribbon structures, strongly suggesting
that the flare emissions in white light and in hard X-rays have physically linked emission mechanisms. While the
source structure along the ribbons is resolved at both wavelengths (length ~ 30”), only the G-band observations
resolve the width of the ribbon, with values between ~0”5 and ~1”8. The unresolved hard X-ray observations
reveal an even narrower ribbon in hard X-rays (the main footpoint has a width perpendicular to the ribbon of
<171 compared to the G-band width of ~1”8) suggesting that the hard X-ray emission comes from the sharp
leading edge of the G-band ribbon. Applying the thick-target beam model, the derived energy deposition rate is
>5 x 102 erg s~! cm~2 provided by an electron flux of 1 x 10?° electrons s~' cm~2 above 18 keV. This requires
that the beam density of electrons above 18 keV be at least 1 x 10'® cm~>. Even if field lines converge toward the
chromospheric footpoints, the required beam in the corona has too high a density to be described as a dilute tail
population on top of a Maxwellian core. We discuss this issue and others associated with this extreme event, which
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poses serious questions to the standard thick target beam interpretation of solar flares.
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1. INTRODUCTION

Solar flares were discovered by Carrington (1859) and
Hodgson (1859) through white-light emissions. Although the
emission mechanism of white-light flares is still not under-
stood today, we now know that such radiation is produced at
the footpoints of flaring magnetic loops, often also referred to
as flare ribbons. Footpoints or ribbons are observed at almost all
wavelengths from radio to y-rays. Of particular interest to the
flare acceleration process are the hard X-ray emissions from the
flare ribbons produced by bremsstrahlung of flare-accelerated
(>10 keV) electrons (e.g., Hoyng et al. 1981; Masuda et al.
2001; Liu et al. 2007). In the current standard flare model, mag-
netic energy is released in the corona and electrons are acceler-
ated there (see review by Benz 2008). While coronal densities
are generally too low to stop energetic electrons, chromospheric
densities are high enough. Therefore, the most intense hard
X-ray bremsstrahlung sources are at the footpoints of magnetic
loops. Coronal hard X-ray sources are significantly fainter, but
generally occur at about the same time (see review by Krucker
et al. 2008).

To use the hard X-ray observations as a diagnostic tool, the
so-called thick-target beam model was developed; this provides
simple formulae that allow us to determine the spectrum
of the accelerated electrons from their hard X-ray emission
(e.g., Brown 1971). In this model, electrons travel from an
assumed coronal acceleration site to the footpoints as a dilute
beam with the beam density much smaller than the ambient
density. The standard model assumes that electrons do not lose

energy in the low-density corona and quickly penetrate to the
chromosphere where collision losses dominate and the electrons
are thermalized by collision while producing bremsstrahlung
emission; the chromosphere is described as a thick-target
X-ray source. Applying this model to observations, it was
realized immediately that the observed hard X-ray emissions
require an efficient conversion of magnetic energy into non-
thermal electrons. The acceleration mechanism providing such
an efficient conversion is presently not understood.

In this paper, we compare high-resolution (0718 FWHM)
430 nm (G-band) observations from the Solar Optical Telescope
(SOT; Tsuneta et al. 2008) on board Hinode (Kosugi et al. 2007)
with hard X-ray observations from the Reuven Ramaty High
Energy Solar Spectroscopic Imager (RHESSI; Lin et al. 2002).
The detailed spectral distribution of white-light flare emission
is not well known (e.g., Hudson et al. 2010), but G-band images
are often used as proxy for the white-light flare emission. Since
we are not deriving quantitative estimates involving the spectral
shape but only using imaging to describe the source geometry,
this simplification does not influence our conclusions. Further
SOT G-band observations of flares are discussed by Isobe et al.
2007, Wang 2009, and Watanabe et al. 2010. White-light and
hard X-ray emissions are known to correlate well, at least for the
few events published. These correlations appear in time (e.g.,
Rust & Hegwer 1975; Hudson et al. 1992; Fletcher et al. 2007),
intensity (e.g., Neidig & Kane 1993; Sylwester & Sylwester
2000; Chen & Ding 2005; Watanabe et al. 2010), and space
(e.g., Xu et al. 2004, 2006). While energetic protons have also
been suggested as the energy source for white-light emission
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Figure 1. Left: GOES soft X-ray (red) and RHESSI 25-100 keV hard X-ray (blue) time profile of the GOES X6.5 flare from 2006 December 6. The time of the
G-band image shown in Figure 2 is given by the dashed vertical line. Right: flare-integrated photon spectrum observed by detector 4 at the time of the G-band image
integrated over 8 s. The red and blue curves are a thermal fit and a broken power-law fit to the data (black). The blue points with error bars give the spectrum of the

main footpoint with a power-law fit.
(A color version of this figure is available in the online journal.)

(e.g., Najita & Orrall 1970; Simnett 1986), the tight correlation
with hard X-ray emission favors the electrons that produce
the hard X-rays as the source of energy for the white-light
emission.

The study presented here is the most detailed spatial com-
parison reported so far. The event discussed (X6.5, SO6E63,
SOL2006-12-06T18:47) ranks among the RHESSI flares with
the best counting statistics in the non-thermal range, providing
a unique opportunity for a spatial comparison. In the second
part of the paper, we use the derived parameters, in particular
the footpoint area and the energy deposition rate, to test the
standard flare scenario whereby electron beams accelerated in
the corona produce the hard X-ray emissions.

2. OBSERVATIONS AND DATA ANALYSIS

The Hinode/SOT observations provide G-band (430.5 nm,
AL = 0.8 nm) images at a spatial resolution of 0”18 FWHM
(Wedemeyer-Bohm 2008). Since the Sun is bright at this
wavelength, very short exposure times are sufficient (0.03 s
for the images taken during this flare). The cadence of G-band
SOT images is generally low compared to the time variability of
the hard X-ray flux, which shows time variations for most flares
significantly shorter than 1 minute. For the 2006 December 6
event, only a2 minute SOT image cadence is available. However,
one image was taken just at the time of the main hard X-ray
peak (18:43:38.5 UT; Figure 1). Our analysis will focus on this
moment.

The G-band image at the hard X-ray peak time (Figure 2)
shows two resolved flare ribbons that are elongated (~30" for
the southern ribbon, ~12” for the northern ribbon), but rather
narrow (with a thickness between ~075 and ~1”8 FWHM). The
same ribbons are also seen in the Transition Region and Coronal
Explorer (TRACE) 1600 A image (at a spatial resolution of ~1”)
taken at almost the same time (18:43:39.0 UT). The response
of this TRACE 1600 A filter is broad (for further discussion
see Fletcher et al. 2007) making its interpretation in general
more difficult. The good spatial agreement with the G-band
source structure suggests that the 1600 A emissions show the
short-wavelength end of the white-light continuum, but there are

also 1600 A sources (see Figure 3, center panel, around [—844,
—116]) without a G-band counterpart, possibly reflecting the
broad spectral response of the TRACE 1600 A filter.

2.1. Hard X-Ray Imaging

Results of RHESSI imaging and time variations of this flare
have already been published by Kaufmann et al. (2009) in the
context of its THz emission (see review by Krucker et al. 2011).
Here we concentrate on the analysis of hard X-ray images in
the non-thermal energy range (25-100 keV) using CLEAN
(Hurford et al. 2002) around the time of the G-band image
(18:43:38.5 UT). We use the CLEAN algorithm because it is
the most straightforward and best understood of the RHESSI
imaging algorithms. Neither MEM nor PIXON algorithms
are considered here because of their tendency to break up
unresolved sources and in some cases demonstrate a not-
well-understood tendency toward super-resolution. Forward-fit
algorithms are not available for a complex source structure such
as that seen in this flare. For a detailed comparison of RHESSI
imaging techniques, we refer to Dennis & Pernak (2009). The
CLEAN images shown in Figure 2 were reconstructed including
the finest sub-collimator (i.e., at highest spatial resolution)
giving a point-spread function (PSF; Hurford et al. 2002) of the
CLEAN image of 370 FWHM. These images apply “uniform
weighting” of the different sub-collimators. As RHESSI imaging
cannot match the integration time of SOT, we compare RHESSI
images integrated over 4, 8, and 16 s (i.e., at multiples of
the RHESSI spin period) around the time of the SOT image.
Since the duration of the main hard X-ray burst is longer (about
84 s FWHM, see Figure 1) than the selected integration times,
the different integration times may not significantly affect the
image comparison. While a 4 s integration time provides a
rather noisy image with a dynamic range of ~3 (i.e., contours
below 30% in Figure 2(d) show noise), the 8 s integration
provides an improved image with a dynamic range of ~35,
a typical value for RHESSI images. Longer time integrations
show the same source structure, but only minimally improve the
image quality (Figure 2(f)). For the analysis presented below,
we therefore use the image integrated over 8 s. Footpoint
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Figure 2. Imaging results in G band, UV, and 25-100 keV hard X-rays. (a) G-band image during hard X-ray peak (18:43:38.5 UT). (b) Same image with the L)re—ﬁare
image taken at 18:39:39 UT subtracted. The dark yellow contours show the same image convolved with the RHESSI PSF (370 FWHM). (c) TRACE 1600 A image
taken at 18:43:39 UT. ((d)~(f)) RHESSI CLEAN contours (370 FWHM resolution) in the energy range 25-100 keV at 4, 8, and 16 s time integration, respectively. The
shown image is the same G-band image as shown in panel (b). All contour plots (Figures 2 and 3) use the same contours levels (15%, 30%, 45%, 60%, 75%, 90% of
the peak flux).

(A color version of this figure is available in the online journal.)
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Figure 3. Details of the southern footpoint. Left: the image shows the background-subtracted G-band emission with 25-100 keV hard X-ray contours from the 8 s
integrated data plotted in yellow (same contours as in Figure 2). The thin white contours are the G-band emission (same contours as used for the hard X-ray data).
(center) The same G-band image is shown with TRACE 1600 A contours using again the same contour levels. Right: spatial profiles perpendicular to the ribbon of
the brightest footpoint (the white dashed arrow in the figure to the left gives the direction of the shown profiles). The black curves show the G-band profile (solid,
~178 FWHM), the G-band PSF (dotted, ~0”18 FWHM from Wedemeyer-Bshm 2008), and the G-band profile convolved with the RHESSI PSF (dash-dotted, ~3”8
FWHM). The observed hard X-ray profile is given in red (~370 FWHM) and the RHESSI PSF is the blue dashed curve (370 FWHM). Since the absolute pointing of the
G-band image is not well known, the relative position of the shown G band and hard X-ray profiles are not known accurately enough for a sub-arcsecond comparison.

(A color version of this figure is available in the online journal.)
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motions, as often observed in flares (e.g., Qiu et al. 2002), can
smear out source shapes if integrated over a long time period.
Maximal observed velocities of footpoint motions are up to
100 km s~ and more typically 10 km s~! (e.g., Yang et al.
2009). Hence, for an 8 s integration time, footpoint motion could
smear out the flare ribbons by up to ~1”. Since the observed hard
X-ray sources look similar for all integration times (Figure 2),
footpoint motions do not appear to contribute much to the
observed source shape, either perpendicular to or along the
ribbons. This is somewhat surprising, as times with intense hard
X-ray fluxes such as seen in the 2006 December 6 flare tend to
show fast footpoint motions (e.g., Krucker et al. 2003, 2005).
However, projection effects due to the flare location close to the
east limb could at least partially hide any footpoint motions.

The ribbons seen in the G band and in hard X-rays are
similar not only spatially, but also in relative intensity. For a
more detailed comparison, we convolved the G-band image
with a PSF of the CLEAN image (30 FWHM). Figure 2(b)
shows the original G-band image with the convolved image as
contours using the same levels as the RHESSI images. Within
the available dynamic range, the correlation between the hard
X-ray and G-band ribbons is excellent. The cross-correlation of
the convolved G-band and hard X-ray images is used for co-
alignment of the images shown in Figure 2. The only missing
part in our observations is the absolute and relative altitudes
(heights in the solar atmosphere) of the G-band and hard X-ray
sources to sub-arcsecond accuracies; otherwise the G-band and
hard X-ray sources appear to be cospatial.

2.2. Detailed Analysis of the Brightest Footpoint

In the following, we discuss in detail the size of the brightest
hard X-ray footpoint on the southern ribbon. Figure 3 shows
the hard X-ray profile of the brightest footpoint normal to the
ribbon. The profile has the same width as the PSF function,
indicating that the hard X-ray emission normal to the ribbon
is unresolved at 370. A different way of checking if a source
is unresolved is using relative amplitudes (e.g., Schmahl &
Hurford 2003). As expected for unresolved sources, the relative
amplitudes perpendicular to the ribbon for sub-collimators 1
and 3 are found to be the same. Unresolved ribbon structures in
perpendicular directions are also reported by Dennis & Pernak
(2009) for several RHESSI flares. As the observed source size in
aCLEANed image, S,, is a convolution of the actual source size,
d, with the size of the PSF, S, the unresolved observations
indicate that width of the hard X-ray ribbon is smaller than
Spst ~ 370. Assuming Gaussian source shapes, the actual source
size becomes d = (S, — S2)*. The main footpoint has nearly
the same size as the PSF to within an error estimate of (2. Thus
the actual size must be less than d < (3.2 — 3.0%)%3 = 1”1.

The G-band image taken at much higher resolution (0”18
FWHM) shows a perpendicular extent of 178 (FWHM). Hence,
the G-band ribbon is wider than the hard X-ray ribbon. This
can also be seen in the G-band profile convolved with the
RHESSI PSF (Figure 3, right); this has a FWHM of 38,
significantly larger than the observed hard X-ray source at ~3"0.
The G-band emission clearly shows an asymmetric spatial
profile with the inner part of the ribbon being much broader
than the outer part (Isobe et al. 2007 used the expression
“sharp leading edge”). Masuda et al. (2001) had suggested the
presence of such perpendicular structure, but with observations
of significantly lower resolution. Additional to the main peak,
there is at least one minor G-band source on the shoulder
of the main source (Figure 3, right, at ~1”). As this minor
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source is located at the inner side of the ribbon, it could be
G-band emissions from a previously flaring ribbon element that
is decaying (Neidig et al. 1993; Hudson et al. 2006; Qiu et al.
2010). This additional source is not expected to be seen in hard
X-rays as the hard X-ray emissions stop abruptly when flare-
accelerated electrons disappear. White-light emissions on the
other hand are expected to have a decay time independent of
the acceleration process. Using just the sharp leading edge to
determine an FWHM size of the main G-band source, we get
a size of ~1”1. This is just at the upper end of the hard X-ray
source size derived above.

To derive the actual area of the main footpoint we have to take
projection effects into account. The orientation of southern flare
ribbon is mostly in the radial direction (the ribbon is aligned
~20° away from radial). Projection effects therefore mostly
influence the ribbon length, with the ribbon width not affected
within the uncertainties of the upper limit mentioned above.

To assess the projection effects we make three estimates with
differing assumed radial dimensions: flat (no thickness), 1”7, and
2" (cases 0, 1, and 2, respectively). The observed length of
the main footpoint in the radial direction is 374 FWHM (see
Figure 4, bottom panel) giving a deconvolved size of 1”6. For a
hard X-ray source with no vertical extent (flat source, case 0),
the correction for the viewing angle gives a length of 3”2. For
vertically extended sources with #; = 1”7 and h, = 2" (cases 1
and 2), we get slightly lower values of 276 and 21, respectively.
Since the ribbon is slightly rotated relative to the radial direction,
the actual length / of the hard X-ray source along the ribbon is
slightly longer. For cases 0, 1, and 2, we get ly = 374,1; = 28,
and I, = 272, respectively.

Combined with the upper limit of the width of the hard X-ray
source and the different assumption on the vertical extent we get
footpoint areas of Ag < 2.0 x 10" cm?, A < 1.6 x 10" cm?,
As < 1.3 x 10'® cm?, respectively, and an upper-limit volume
of the hard X-ray source between 1.2 x 10°* cm® and 1.9 x
10%* cm?®.

2.3. Compton Backscattering

The above size estimates do not account for the apparent
size increase produced by Compton backscattering from the
photosphere (e.g., Schmahl & Hurford 2002; Kontar et al. 2006;
Battagliaetal. 2011). Hence, the actual source size could be even
smaller than the upper limit derived above. To investigate this,
we apply the albedo simulations of Kontar & Jeffrey (2010)
for the parameters of the main hard X-ray footpoint, using the
energy range 25-50 keV. For the vertical extent of the footpoint
source, simulations for two different geometries are performed:
a flat source at an altitude of 174 above the photosphere and a
vertically extended source of height 1” from 0”4 to 1”4 above
the photosphere. Figure 4 shows the simulated source profiles
in radial (left and center) and horizontal (right) directions,
parameterized for beam anisotropy via an up/down ratio (see
Kontar & Jeffrey 2010 for details). Since the southern flare
ribbon is roughly aligned with the radial direction, simulations
in radial and horizontal directions are relevant for the length and
width of footpoint area, respectively.

Since our flare occurred near the limb, the profiles in the
radial direction show the effect of albedo more clearly than
in horizontal direction. For a flat footpoint (Figure 4, left),
albedo radiation produces a double source, but for the case
with finite vertical extent, the albedo contribution is smeared
out, thus resulting in an asymmetric profile (Figure 4, center).
However, since RHESSI cannot spatially resolve the two peaks,
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Figure 4. Monte Carlo simulations of the effect of Compton backscattering (albedo) in the energy range from 25 to 50 keV on the apparent sources size using the
method described in Kontar & Jeffrey 2010. The shown profiles in radial (left and center) and horizontal (right) direction are for the parameter of the peak time of
the 2006 December 6 flare: flare location at 850" from solar center and spectral photon index of 2.3. Two geometries for the vertical distribution of the source are
considered: a flat source at an altitude of 174 above the photosphere (left) and an extended source from 0”4 to 174 above the photosphere (center and right). For each
simulation, the following panels are shown: (a) simulated profiles of the total emission (primary and albedo) for different anisotropy values are given in blue. For
comparison, the primary source and the PSF is given in red and black (dashed), respectively. (b) Same profiles convolved with the RHESSI PSF. The values of the
FWHM and the shift given in the top left corner are derived by fitting a Gaussian to the convolved profiles. (c) The observed radial and horizontal profiles through
the main hard X-ray source are given in magenta (note that the horizontal profile is taken in a slightly different directions than the one shown in Figure 3). For an
easier comparison, the shown convolved profiles are shifted in radial direction so that all profiles peak at zero. The radial simulations are shown for both models of
vertical extent (left and center) for a primary source size of 171. Since the horizontal profiles for both models look qualitatively very similar, only the simulation for

the extended source is shown for a primary of (5.
(A color version of this figure is available in the online journal.)

both simulations predict that RHESSI should see similar source
shapes in the radial direction with an increased source size
and a shift in position (see Kontar & Jeffrey 2010, Battaglia
et al. 2011 for further discussion). For large anisotropies (the
simulations assume a range of down/up ratios for the photon
fluxes), the increase in the observed source size could be up
to 1”. However, spectral and multi-spacecraft observations (of
different flares) favor the isotropic case (e.g., Kane et al. 1998;
Kontar & Brown 2006), making the size increase rather small
and therefore difficult to observe with RHESSI.

In the horizontal direction, the albedo radiation adds symmet-
ric wings to the primary source (Figure 4, right). Since RHESSI
does not resolve the primary source, the simulated RHESSI pro-
files are broadened when compared to the primary. For a source
of 1”1, even the isotropic case gives an increase in size to 3744.
Since the observed size is smaller (Section 2.2), this suggests
that the primary source could be smaller than 171. The sim-
ulation for a primary source of 0’5 gives a size of 3728 (see
Figure 4, right). This is still larger than the observed size, but
likely within the combined uncertainties of the observations and
simulations.

In summary, the simulations show that the spatially unre-
solved flare ribbon reported in this paper does not contradict

the source size broadening expected from albedo. The obser-
vational limitations together with the unknown source altitude
and the unknown degree of anisotropy, however, do not allow
us to extract further information on the actual source size. In
any case, albedo can only increase the source size, and the up-
per limits derived above are therefore valid independent of the
albedo effect.

2.4. Spectral Analysis

To estimate the energy deposition rate, the spectrum at peak
time is discussed in the following. The spectral analysis of front-
segment data reported here are done using standard RHESSI
analysis techniques correcting for pulse pile-up and albedo.
Since the statistics for this event are excellent, the spectral
fits are preformed for each detector separately. We use the
four detectors with the best spectral response (detectors 1,
4, 8, and 9). Background subtraction is not an issue for the
energies considered here for such a bright flare. Fits with a
thermal component and a double broken power-law work well
(Figure 1, right) and give closely similar results for the different
detectors with x2 between 0.7 and 1.4. In the following, we
give averaged values of the fit parameters obtained from the
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different detectors using the standard deviation of the parameters
as rough error estimates. The thermal fit gives a temperature of
37.4 £ 0.4 MK and an emission measure (EM) of (1.1 £
0.1) x 10 cm™3. The non-thermal fit reveals a slope of
y1 = 2.64 £ 0.04 up to a break energy of 124 + 15 keV and a
slightly steeper spectrum at higher energies (y» = 2.96 +0.05).
As typically for solar flare spectral fitting, the low energy
cutoff energy, Ey, cannot be fitted accurately because the steep
thermal spectrum and only an upper limit of Ey = 18 &= 3 keV
can be derived. The normalizations of the different detectors
give consistent results within 10% with fluxes at 50 keV of
3343 photons s~! cm~2 keV~!. Compared to statistical studies
(e.g., Alaoui et al. 2011), these fit parameters are typical for
very energetic flares. Using the thick target formula (e.g.,
Brown 1971), the derived spectral parameters give an energy
deposition rate of 2.4 x 10 (E;/18keV) !0 erg s~!. The largest
uncertainty is introduced by the poorly constrained low-energy
cutoff. A statistical study of RHESSI flares (Kontar et al. 2008a)
showed that for all events in their sample thermal emission
is hiding the low energy cutoff indicating that the low-energy
cutoff should be below 12 keV. Hence, the upper limit £y used
here is a typical value.

To derive the spectrum of the main hard X-ray footpoint, we
apply standard RHESSI imaging spectroscopy techniques using
CLEANed images (e.g., Krucker & Lin 2002). The spectrum
of the main footpoint (Figure 1, right) is found to have a shape
similar to that of the flare-integrated spectrum, but with about
one-third of the total flux. The reduced statistics especially at
high energies makes it impossible to detect the break around
~120 keV. A power-law fit gives a spectral slope of y = 2.6 +
0.2 and fluxes at 50 keV of 12 £ 2 photons s lem2keV~!, and
the energy deposition rate within the main hard X-ray footpoint
becomes 0.8 x 10?°[Ey/18 keV]~'® erg s

3. DISCUSSION

The Hinode and RHESSI observations of the X-class flare
on 2006 December 6 reveal that the white-light and hard
X-ray emissions originate from extended flare ribbons with
similar source shapes and relative intensities. The altitude above
the photosphere of the two emissions, however, cannot be
determined. Nevertheless this close association, in combination
with earlier findings, strongly suggests that flare-accelerated
electrons are somehow involved in the production of white-
light flares. Since ion precipitation is observed to occur spatially
separated from electron precipitation at least in some flares
(Hurford et al. 2003, 2006), the association between white-light
emissions and hard X-rays does not favor the idea that flare-
accelerated energetic (230 MeV) ion beams produce the white-
light emission. If electrons are indeed involved in production of
the white-light emission, it is unclear how the hard X-ray ribbons
that are generally supposed to originate in the chromosphere
(e.g., Kontar et al. 2008b; Saint-Hilaire et al. 2010) are related
to the white-light sources that would naively be expected to
lie in the photosphere. However, no simultaneous observations
are currently available showing the absolute positions at both
wavelengths. Future observations should focus on the three-
dimensional structure of the sources.

3.1. Energy Deposition Rate per Area in the
Thick-target Approximation

In the following, the derived upper limit of the main footpoint
area and the standard thick-target beam formula (e.g., Brown
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1971) are used to estimate a lower limit of the energy deposi-
tion rate per area. The calculations are done for the brightest
footpoints only to get the maximal heating rate. For the area,
we use the upper limit A; giving an energy deposition rate of
>5x 10"2[A/A17'[Ey/18 keV] "0 erg s~' cm™2 provided by
1 x 10% electrons s~! cm™2 above 18 keV. While the different
estimates of the footpoint area only slightly change the energy
deposition rate, the largest uncertainty comes from the poorly
constrained cutoff energy. For Ey = 12 keV (e.g., Kontar et al.
2008a) give >1 x 10'% erg s~! cm™2, while a large cutoff values
of 50 keV gives >1 x 10'2 erg s~! cm~2. Further uncertain-
ties are introduced by the several assumptions in the standard
thick-target analysis; for example, the standard formula takes
the stopping column density to be fully ionized. If this is not
the case, the energy deposition can be lower; for an un-ionized
target, the heating rate is ~3 times smaller (e.g., Holman et al.
2011). Nevertheless, the derived value is a very large lower limit,
atleast several times larger than the solar luminosity per unit area
Lo ~ 7 x 10 erg s=! cm~2 that peaks at optical wavelengths.
This indicates that there is enough energy in non-thermal elec-
trons to locally produce a white-light signature above the white-
light emission level (e.g., Watanabe et al. 2010). The heating rate
within the hard X-ray source can be calculated using the thick-
target approximation and the estimated source volume giving
7 x 10*[Ey/18 keV] "6 erg s~! cm™2 or a heating rate per am-
bient electron of 4.3[n/10" cm™3]7'[Ey/18 keV]~ 1€ keV s~
The response of the plasma within the hard X-ray footpoint
to this energy input is currently not understood. Radiation hy-
drodynamic simulations of electron precipitation in flares (e.g.,
Abbett & Hawley 1999) have not yet successfully dealt with
this large an intensity; Allred et al. (2005) were able to cal-
culate only 16 s of evolution for their F11 model, roughly
at L. Future simulations should focus on extending the pa-
rameter space to investigate the effects of such large heating
rates.

To better understand the number of precipitating electrons
per area, we compare it to the number of thermal electrons
in the volume defined by the stopping column density. For a
cutoff energy of 18 keV, we estimate 5 x 10! thermal electrons
cm™2 within this stopping column (e.g., Brown 1971). Using the
mean energy of the radiating electrons of ~29 keV increases
the number by about a factor of two. Even in the latter case,
within a second, the number of precipitating electrons will
exceed the total number of electrons initially contained by this
column. In the absence of any loss mechanism that takes energy
away from the particles in this column on this timescale, the
energy deposition within it must energize all ambient electrons
energies comparable to those of the assumed electron beam.
Hence, within a fraction of the hard X-ray burst duration, the
precipitation of electrons must drastically change the nature of
the medium. This simple consideration shows that the idea of
a stopping column density of cold plasma is only adequate to
describe this event for a short time interval at the onset of the
hard X-ray burst. Hence, a modified or even different scenario
should be explored.

A slightly different way of quantifying the number of pre-
cipitation electrons is by estimating a density of accelerated
electrons within the hard X-ray producing region. Assuming that
electrons travel in a straight line with the velocity corresponding
to their mean energy (~29 keV), using the electron precipitation
rate from above, a beam density of 1 x 10!° cm~3 for electrons
above 18 keV is derived. The absence of direct measurements
of the ambient density in the corona and the effect of field
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convergence limits a detailed comparison of the derived beam
density with the ambient coronal density. A rough upper limit
for the ambient coronal density can be derived from the absence
of non-thermal hard X-ray emission from the corona, requir-
ing a coronal column density below 5 x 10! electrons cm~2.
From the footpoint separation we estimate a half loop length of
2 x 10° cm™2 and the upper limit of the coronal density is of
the order of a few time 10!° cm™3. Hence, even if field lines
converge toward the hard X-ray footpoint sources (e.g., Kontar
etal. 2010), the beam densities in the corona would still be a sig-
nificant fraction of the ambient density. Modern interpretations
of the radio observations (White et al. 2011) tend to confirm
the view that the radiating electrons cannot be regarded as a
dilute beam. Such intense beams were not envisioned in the
simple thick-target beam model, which implicitly assumes the
beam to be dilute (i.e., beam density <« ambient density).
The dynamics of such intense beams and their return cur-
rents (e.g., Lee et al. 2008) should be further studied
to investigate if such intense beams can be physically
possible.

3.2. Instantaneous Density of Accelerated Electrons within
the Hard X-Ray Footpoint Source

A further estimate we wish to highlight is the density of
accelerated electrons within the hard X-ray source. Independent
of how the flare-accelerated electrons are transported (as a beam
or locally accelerated), the instantaneous number of hard X-ray
producing electrons, Ni,g, can be derived if the ambient density
n within the hard X-ray source is known (e.g., Brown 1971;
Lin 1974). Since we do not have a measurement for n for our
event, we adopt a typical value of 10'3 cm™3 (e.g., Saint-Hilaire
et al. 2010). To derive the instantaneous number density, nins,
we assume a hard X-ray source thickness #; = 1” and use the
area A;. For the main footpoint at the hard X-ray peak time
we then get an instantaneous density of accelerated electrons
above E. = 18 keV of nijng = 2 x 10°[n/10" cm™3]7! em™3
(e.g., Lin 1974), and nijpe/n = 2 x 1074[n/103 cm=3]2.
This estimate highlights again the large densities of non-
thermal electrons required, as discussed above. However, the
instantaneous population of accelerated electrons in the hard
X-ray producing region can be described as a tail population,
at least for high enough ambient densities. For typical ambient
densities between 10'* cm™ and 10'* cm~ (e.g., Kontar et al.
2008b), the accelerated electrons are a fraction between 10~*
and 10~ of the ambient density.

4. CONCLUSIONS

The parameters derived from the high-resolution imaging
observations presented in this paper show that the intensity
of energy deposition for the event discussed is higher than
for previously reported events and may still underestimate the
actual intensity. These observations provide stringent tests to
the present-day standard flare model of electron beams as the
main transport mechanism of energy from the coronal ac-
celeration site to the footpoints. While radio observations
(e.g., Bastian et al. 1998) and in situ electron observations
(e.g., Lin 1985) clearly establish that electron beams are
created during solar flares, we do not know yet if very
bright hard X-ray footpoints such as presented in this paper
can be produced by analogous beams penetrating the lower
atmosphere.
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