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ABSTRACT

This paper investigates the solar source region of supra-thermal (few keV up to the MeV range) electron beams
observed near Earth by combining in situ measurements of the three-dimensional Plasma and Energetic Particles
experiment on the WIND spacecraft with remote-sensing hard X-ray observations by the Reuven Ramaty High
Energy Solar Spectroscopic Imager. The in situ observations are used to identify events, and the hard X-ray
observations are then searched for signatures of supra-thermal electrons radiating bremsstrahlung emission in the
solar atmosphere. Only prompt events detected above 50 keV with a close temporal correlation between the flare
hard X-ray emission and the electrons seen near Earth are selected, limiting the number of events to 16. We show
that for 7 of these 16 events, hard X-ray imaging shows three chromospheric sources: two at the footpoints of
the post-flare loop and one related to an apparently open field line. The remaining events show two footpoints
(seven events, four of which show elongated sources possibly hiding a third source) or are spatially unresolved (two
events). Out of the 16 events, 6 have a solar source region within the field of view of the Transition Region and
Corona Explorer (TRACE). All events with TRACE data show EUV jets that have the same onset as the hard X-ray
emission (within the cadence of tens of seconds). After the hard X-ray burst ends, the jets decay. These results
suggest that escaping prompt supra-thermal electron events observed near Earth are accelerated in flares associated
with reconnection between open and closed magnetic field lines, the so-called interchange reconnection scenario.
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1. INTRODUCTION

The release of magnetic energy in the solar atmosphere is
observed to occur very impulsively, producing solar flares and
coronal mass ejections (CMEs). A significant fraction of the
released energy goes into the acceleration of particles (see
review by Benz 2008). While particle acceleration at the CME
shocks is understood in some detail, particle acceleration during
the solar flares is still very much debated. Furthermore, the
escape of flare-accelerated electrons from the flare site into
interplanetary space is poorly understood (e.g., Klein et al.
2008).

The most direct diagnostics of flare-accelerated electrons are
hard X-ray observations of their bremsstrahlung emissions (e.g.,
Dennis et al. 2011). Solar flare bremsstrahlung emission is pro-
portional to the surrounding plasma density and hence is gen-
erally strongest from the chromosphere. These sources outline
footpoints (e.g., Hoyng et al. 1981; Masuda et al. 2001; Liu
et al. 2007; Krucker et al. 2011) of magnetic field lines con-
nected to the coronal acceleration region. Hard X-ray sources in
the corona are likely always present as well (e.g., Krucker & Lin
2008), but are much fainter, and therefore difficult to observe
in the presence of the strong footpoint sources (see review by
Krucker et al. 2008). Coronal densities are generally low and
collisional losses do not significantly lower the energy of elec-
trons above ~10 keV. Flare-accelerated electrons on magnetic
field lines with access to interplanetary space (so-called open
field lines) are therefore able to escape the Sun. In situ observa-
tions of these escaping electrons provide a second, independent
diagnostic by directly measuring the electron distribution func-
tion (e.g., Lin 1985). Escaping electrons can be traced by radio

emissions produced by the beam-driven Langmuir turbulence,
providing a further diagnostic (e.g., Ginzburg & Zhelezniakov
1958; Zaitsev et al. 1972; Melrose 1990; Muschietti 1990).

Some events show a clear temporal correlation between the
hard X-ray producing electrons and the escaping electrons seen
in radio and in situ measurements (e.g., Kane 1981; Benz et al.
2001; Klein et al. 2005; Benz et al. 2005). The electron spectra
of these prompt events at 1 AU correlate well with the spectra
of the hard X-ray producing electrons (Krucker et al. 2007b),
strongly suggesting a common acceleration mechanism. For
other events, there is no temporal correlation, with the escaping
electrons being delayed relative to the hard X-ray bursts (e.g.,
Krucker et al. 1999; Haggerty & Roelof 2002; Klassen et al.
2002). Delayed events are speculated to be shock-accelerated
(e.g., Krucker et al. 1999; Haggerty & Roelof 2002). Common
to all events is that the number of escaping electrons is much
smaller (typically 0.5%) than the number of electrons needed to
produce the observed hard X-ray emissions (e.g., Lin & Hudson
1971).

The most discussed flare topology involving open field lines
is interchange reconnection (e.g., Parker 1973; Crooker & Webb
2006; Baker et al. 2009) where emerging magnetic loops recon-
nect with open field lines (the term “interchange” refers to the
changes of magnetic elements in the photosphere from closed
to open to the interplanetary space). Such magnetic field re-
configurations can lead to plasma heating and particle acceler-
ation, while the presence of the open magnetic field lines allow
energetic electrons to escape into interplanetary space. Candi-
date mechanisms for electron acceleration include reconnection
electric fields, shocks produced by the reconnection outflow,
collapsing traps, collapsing magnetic islands, and turbulence
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(for a review see Zharkova et al. 2011). Whether electrons are
accelerated directly on open field lines or escape from closed
fields along newly reconnected field lines remains an open
question. Within the interchange reconnection model, precipi-
tating electrons that radiate bremsstrahlung emission in the hard
X-ray range are expected to produce three footpoint sources in
the chromosphere: two at the footpoints of the newly formed
flare loop and a third one at the footpoint of the newly opened
field line.

Strong observational evidence for the interchange reconnec-
tion model comes from thermal emissions seen in soft X-ray and
EUV. Imaging observations at these wavelengths show plasma
ejections along apparently open field lines located in close prox-
imity to post-flare loops (e.g., Shibata et al. 1992; Shimojo et al.
1996; Kim et al. 2007). These ejections are well collimated
and are called soft X-ray and EUV jets. Further evidence that
these jets are indeed reaching interplanetary space is that they
are found to be correlated with ejecta (sometimes referred to as
narrow CMEs or white light jets) seen in scattered white light
observed by coronographs (Wang & Sheeley 2002). More re-
cently, soft X-ray jets have also been seen from the quiet corona
and polar regions (Savcheva et al. 2007; Cirtain et al. 2007); in-
dicating that interchange reconnection is a common process. It
has been speculated that the large number of small interchange
reconnection events could contribute to the solar wind acceler-
ation (e.g., Axford & McKenzie 1992; Fisk 2003; Cranmer &
van Ballegooijen 2010).

Evidence for electron acceleration in the interchange recon-
nection model comes from type Il radio bursts that are found to
be cospatial with the soft X-ray jet (Aurass et al. 1994; Kundu
et al. 1995; Raulin et al. 1996). To detect the radio type III pro-
ducing electrons through their hard X-ray emission would give
us a strong diagnostic tool, but emission is expected to be ex-
tremely faint (Saint-Hilaire et al. 2009). Krucker et al. (2008b)
reported a first detection at the limit of Reuven Ramaty High
Energy Solar Spectroscopic Imager (RHESSI) sensitivity. Bain
& Fletcher (2009) reported hard X-ray emission from a jet-like
feature in the corona associated with a two-ribbon flare and a
gradual solar energetic particle event. They found in addition to
the chromospheric footpoint sources an almost equally strong
extended coronal source with a power-law spectrum indicating
the presence of non-thermal electrons in the corona. However,
the number of non-thermal (>30 keV) electrons needed to pro-
duce the observed coronal source (several times 10°) is three
orders of magnitude larger than the typical number of escaping
electrons (several times 10°2; e.g., Lin & Hudson 1971). There-
fore, type III burst producing electrons cannot account for the
observed coronal source reported by Bain & Fletcher (2009).
Similarly, strong coronal hard X-ray sources that move outward
such as seen by Bain & Fletcher (2009) have been reported pre-
viously (Kane et al. 1992; Hudson et al. 2001; Krucker et al.
2007a). These emissions are interpreted as bremsstrahlung emis-
sion from energetic electrons trapped in magnetic structures that
are ejected as part of the CME.

Soft X-ray jet events have also been observed to be correlated
with 3He-rich solar energetic particle events (Wang et al.
2006a; Pick et al. 2006; Nitta et al. 2008) indicating that not
only electrons, but also ions are accelerated. However, timing
arguments derived from in situ ion observations suggest that ion
acceleration in these events occurs about an hour after flare and
jet onset (Wang et al. 2006b), suggesting that ion acceleration
is not directly associated to the jet. Further evidence for particle
acceleration in jet events is reported by several studies reporting
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jet emission in association with hard X-ray microflares showing
emission from chromospheric footpoints (e.g., Christe et al.
2008; Chifor et al. 2008; Nitta et al. 2008), but no statistical
study has been done so far.

In this paper, we present a statistical survey of 16 prompt
events simultaneously observed by the three-dimensional
Plasma and Energetic Particles experiment on the WIND (Lin
et al. 1995) and by the RHESSI (Lin et al. 2002) to system-
atically study the solar source region of the electron beams
observed near Earth. In addition to RHESSI hard X-ray images,
imaging observations from Solar and Heliospheric Observa-
tory (SOHO) Michelson Doppler Imager (MDI) (Scherrer et al.
1995) and Transition Region and Corona Explorer (TRACE;
Handy et al. 1999) are used to compare the solar source region
with the interchange reconnection geometry.

2. OBSERVATIONS AND DATA ANALYSIS

The survey presented here consists of the same 16 prompt
events selected by Krucker et al. (2007b). For these events, the
first arriving electrons appear to travel scatter-free (ballistic)
with a solar release occurring at the time of the hard X-ray
burst (see Krucker et al. 2007b for details). The associated soft
X-ray flare emissions are all found to be short with typical
durations of 10 minutes. All events show radio type III bursts
starting in the meter wavelength range. The total duration of
the type III bursts at the highest frequencies is similar to
the hard X-ray burst duration (Figure 1). However, the time
evolution of individual bursts in radio and hard X-rays does not
always match. This difference could be due to the different
electron energies involved in producing the two emissions
(typically >20keV for hard X-rays and ~1-30 keV for the radio
waves). A further difference is that the radio emission is only
produced at times when the electron distribution is unstable and
when the wave growth rate is faster than any simultaneously
acting damping, while bremsstrahlung emissions are always
produced, only scaling with the ambient density. Krucker et al.
(2007b) showed that for this set of events the electron spectra
measured near Earth correlate with the hard X-ray photon
spectra observed at the Sun, suggesting a common origin. The
selected events therefore represent the simplest event geometry
of acceleration of electrons in the solar corona with access to
interplanetary space. A single accelerator is expected to produce
both downward going and escaping electrons. In the following,
imaging results of the solar source region are discussed.

2.1. X-Ray Imaging

For our statistical study of non-thermal bremsstrahlung
sources, images integrated over the total duration of the main
hard X-ray peak are considered (see Table 1). The time evo-
lution of images of the few events with very good counting
statistics will be discussed in a future paper. The energy range
used to reconstruct the non-thermal images is selected from the
spectral fits from Krucker et al. (2007b). Care has been taken
to ensure that the selected energy range mostly contains non-
thermal emissions (i.e., power-law spectrum), and that also the
majority of counts in the non-thermal range are included. The
lower end of the energy range for imaging the non-thermal com-
ponent is set to the value where the thermal fit is 10% of the total
emission (see Krucker et al. 2007b for an example of a photon
spectrum). This ensures that the non-thermal images presented
in this paper have thermal contamination below the 10% level
and contain most of the non-thermal counts. The thermal images
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Figure 1. Timing of X-ray and radio emission for two events. From top to bottom, the panel shows GOES soft X-ray and RHESSI hard X-ray light curves, radio
spectrogram from ground-based observatories (Culgoora), and radio observations from the WAVE instrument (Bougeret et al. 1995) on board the WIND spacecraft.

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

Table 1

Hard X-ray Flares Associated with Supra-thermal Electron Events Seen Near Earth
No. HXR Peak Time GOES Class  Location TRACE N¢? Piag® B, Range (G)  Average Bp,© (G)
1 2002 Feb 20 11:06:00-11:06:20 C7.5 NI15SW77 .. 3 Pos
2 2002 Apr 14 22:24:51-22:26:00 C71.2 NI18W74 e 1+ Pos
3 2002 Apr 25 05:55:11-05:55:50 C25 S19W08 .. 2+ Pos
4 2002 Aug 19 21:00:25-21:01:16 M3.1 S11W33 195A 2+ Neg o o
5 2002 Aug 20 01:34:11-01:35:23 Ms5.0 S11W35 195A 3 Neg —160 to +170 -10
6 2002 Aug 20 08:25:17-08:25:41 M3.4 S07W40 195A 3 Neg —730 to +190 —380
7 2002 Aug 21 01:38:31-01:39:36 Ml1.4 S11w47 195A 3 Neg —100 to +230 +80
8 2002 Oct 19 21:13:54-21:15:36 C5.0 S13W48 e 3 Neg —200to 0 —40
9 2003 Sep 30 08:48:46-08:49:04 C3.2 NO9W45  1600A & 171A 2 Neg
10 2003 Dec 31 18:22:25-18:22:39 M1.0 N10W84 after 18:35 1 Pos o o
11 2004 Mar 31 20:05:25-20:05:37 C7.4 N15W11 195A 3 Pos +80 to +800 +310
12 2004 Oct 30 03:30:00-03:30:56 M3.3 N13W20 2 Pos
13 2004 Oct 30 16:24:14-16:25:54 Ms5.9 N13W28 2 Pos .. .
14 2004 Nov 1 03:18:52-03:19:10 Ml1.1 N12W49 e 3 Pos 0to +180 +100
15 2005 May 16 02:39:02-02:40:31 Ml1.4 S16E18 . 2+ Pos
16 2005 Nov 24 16:08:26-16:08:46 B1.6 S08W82 e 2+ Pos
Notes.

2 Number of footpoints, + marks elongated sources.
b Polarization of interplanetary magnetic field line at WIND spacecraft.
¢ Magnetic field strength (line of sight) in open footpoint.

are taken at the peak time of the thermal emission that immedi- at the same time as the non-thermal images look similar, but the
ately follows the main hard X-ray burst. In this way, the thermal lower counting statistics decrease the image quality.

emission resulting from heating related to the non-thermal en- The thermal and non-thermal images are superposed in
ergy input is studied (Neupert effect). The thermal images taken Figure 2 for comparison. Three hard X-ray footpoints are seen in
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Figure 2. Hard X-ray imaging results using RHESSI visibilities and the maximum entropy method (Schmahl et al. 2007) of the 16 events listed in Table 1. CLEAN
images show qualitatively the same sources (for detailed discussions on RHESSI imaging techniques we refer to Hurford et al. 2002 and Dennis & Pernak 2009). Each
figure shows thermal X-ray emission in red contours, and non-thermal emission in blue. The contour levels are at 10%, 30%, 50%, 70%, and 90%. Depending on the

signal-to-noise ratio of the image, only the higher contour levels are shown.
(A color version of this figure is available in the online journal.)

7 out of the 16 events (Table 1). For these events, two footpoints
are from the main flare loop seen in thermal emission. The
third source is clearly separated (except possibly for event 1)
from the main flare loop and is not associated with the main
thermal emission. This is as expected from an interchange
reconnection model. The remaining events show only two
source (seven events) or are spatially unresolved (two events).
A third footpoint could be missed in these events because of
(1) insufficient dynamic range (e.g., event 13) or (2) insufficient
spatial resolution (e.g., event 10). Four of the seven events

with double sources show elongated sources possibly hiding
a spatially unresolved third source. However, source motion
can produce elongated sources as well (e.g., Qiu et al. 2002;
Yang et al. 2009). We are not aware of a statistical study of
the number of hard X-ray sources observed in solar flares that
would allow us to compare our results. In summary, out of the
14 spatially resolved events, half clearly show three footpoints
as expected from the interchange reconnection geometry. For
the other events, the limited image quality does not allow us to
draw additional conclusions.
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Figure 3. Hard X-ray contours shown on MDI line-of-sight magnetograms (gray scale goes from —500 G to +500 G) for six events that clearly show three hard X-ray
footpoints. The numbers in the top left corner correspond to the number given in Table 1. Because all events occur relatively far away from disk center, the derived
polarity of the magnetic field in the footpoints is inconclusive, except possibly for event 11 (see the text for details).

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

2.2. Polarity of the Open Magnetic Field Lines

A further test for the interchange reconnection geometry
is to compare the polarity of the magnetic field in the hard
X-ray footpoints to the polarity of the field line that connects the
WIND spacecraft with the Sun. While the idea of comparing the
polarity appears to be straightforward to test, the available line-
of-sight magnetograms from SOHO MDI make a comparison
very difficult. Most of our events occur relatively far away
from the disk center (Table 1). Because coronal loops can be
significantly inclined relative to the radial direction (e.g., Smith
et al. 2003; Aschwanden et al. 2008), the apparent polarity in
the line-of-sight measurements can be deceiving.

In the following, the magnetic topology of the events with
three hard X-ray footpoints is discussed. From the seven events
with three footpoints, we exclude event number 1 because
of its proximity to the solar limb. The magnetograms of the
remaining events are shown in Figure 3 with the hard X-ray
contours from Figure 2 superposed. The largest uncertainty
in the alignment is due to the ~1 deg uncertainty of the roll
angle of MDI. For the events shown in Figure 3, this translates
to a positional uncertainty along constant radius of less than
5 arcsec. The magnetograms of the selected events show
relatively small size structures with size scales down to 5
arcsec. Hence, the roll angle uncertainties further complicate
the data analysis. As a consistency check, we first determined
the polarity of the two footpoints of the main flare loop expecting
to find opposite polarities. However, due to line-of-sight effects
and alignment uncertainties, this is not always the case (most

clearly seen in event 7 with both ends of the thermal loop rooted
in positive polarity). This clearly shows the limitations of the
available data. Nevertheless, we estimated a range of magnetic
field strength for each hard X-ray source on the apparently open
field line within a 5 arcsec circle around the centroid of the hard
X-ray source (Table 1). Only events 8, 11, and 14 give the same
polarity estimate for all pixels within this range. Nevertheless,
also for these events, line-of-sight effects could still possibly
reverse the sign. The polarity of the open field line connecting
the WIND spacecraft with the Sun is given by the arrival
direction of the electron event and magnetic field measurements
(Table 1). For the events with the most reliable polarity estimate
(events 8, 11, and 14), the two polarities agree. However,
without vector magnetogram observations, the results of the
polarity comparisons are inconclusive. Vector magnetogram
measurements from Hinode Solar Optical Telescope and Solar
Dynamics Observatory (SDO) should be used in the near future
to further study this point. Combined remote-sensing and in situ
observations by Solar Orbiter in the inner heliosphere where
the magnetic field is mostly radial will greatly simplify these
comparisons.

2.3. TRACE EUV Observations

We used the TRACE database to search for EUV jets asso-
ciated to our set of events. Out of the six events with TRACE
coverage, all events show related EUV jets. However, we note
that four out of these six events occur in the same active re-
gion. This selection bias makes the conclusion that all events



THE ASTROPHYSICAL JOURNAL, 742:82 (10pp), 2011 December 1

KRUCKER ET AL.

(e ™. . (5

-260 — 2601

-280
-280—

Y (arcsecs)

-300 — =

-300—

| 195 A (19-Aug-2002 21:01:05 UT)
| 6-12 keV (21:05:27 - 21:06:29 UT)

$201" 30-80 keV (21:00:25 - 21:01:16 UT)
L. L | L L L | L L L | L L L

=)

L 195 A (20-Aug-2002 01:36:54 UT)
| 6-10 keV (01:35:00 - 01:35:24 UT) | ]

25-60 keV (01:34:11 - 01:35:21 UT) -a20f 25-80 keV (08:25:17 - 08:25:40 UT) B
- L | L L L | L L L |

-2407‘6 o i - A ‘ =

[ 195 A (20-Aug-2002 08:27:54 UT)
r 12-15 keV (08:26:46 - 08:28:50 UT)

480 500 520 540 520

560 540 560 580 600 620

:‘7‘ ‘ : : ‘ .‘ : ‘ | 150?9

240

-260 —

Y (arcsecs)

50

| 195 A (21-Aug-2002 01:39:22 UT)
6-8 keV (01:39:52 - 01:40:21 UT)

[ 171 A (30-Sep-2003 08:49:28 UT)
| | b 6-10 keV (08:49:45 - 08:50:22 UT) 1 s
25-80 keV (01:38:31 - 01:39:35 UT) o 23-50 keV (08:48:46 - 08:49:04 UT) E

420 N
400}~
380

360~

[ 195 A (31-Mar-2004 20:06:38 UT)
[ 6-9 keV (20:05:56 - 20:08:21 UT)
| 25-80 keV (20:05:25 - 20:05:37 UT)

S

X (arcsecs)

680 700 720 600 650
X (arcsecs)

700 750 140 160 180 200 220
X (arcsecs)

Figure 4. Solar source region in hard X-ray and EUV of the six events with TRACE observations. For each event, a TRACE image (dark is enhanced emission) is
shown with the thermal (red) and non-thermal (blue) hard X-ray emission overlaid (cf. Figure 2). The numbers in the top left corner correspond to the number given

in Table 1. All events show EUV jets.

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

with TRACE data show jets slightly less convincing. Figure 4
shows the EUV imaging results. Because the absolute point-
ing of TRACE is not accurately known, the uncertainties in the
alignment are significant (possibly in the range of 10 arcsec).
We used the footpoint location and the location of the post-flare
loops to co-align the EUV and hard X-ray images by eye. The
association of the third hard X-ray footpoint with the EUV jet
is most clearly seen in events 7 and 11 corroborating the inter-
change reconnection geometry. The EUV images show complex
structures with elongated sources in the jet direction. The na-
ture of the elongated structure is not well understood and needs
some detailed investigation in the future. The time evolution
of the EUV jet relative to the hard X-ray time profile shows a
clear temporal correlation (Figure 5), but the relatively low and
irregular cadence of the available EUV images makes a detailed
comparison difficult. The jets start simultaneously with the hard
X-rays within tens of seconds, but tend to last slightly longer
with a slower decay.

2.4. Hard X-Ray Emission Associated with Jet

Triggered by the recent paper by Bain & Fletcher (2009),
we searched our set of events for coronal hard X-ray emission
associated with jets. The images shown in Figure 1 would not
reveal such extended sources, because of the expected low
brightness of jet-related extended emission. As an example,
let us consider emission from three equally bright footpoints
(each with a spatial extent of 7”7 x 7”, i.e., resolved with
subcollimator 3) and from a jet (35” x 35", i.e., resolved with

subcollimator 6) with the same total flux as a single footpoint
(i.e., the coronal emission is assumed to be very bright, with
25% of the total flux). Because the jet area is 25 times larger
than a single footpoint source, the jet-related emission would
only appear on the 4% contour levels in the images of Figure 1,
well below the dynamic range of these images. However, with
RHESST’s ability to make an image with lower spatial resolution
at the scale size of the extended coronal source, we can overcome
this problem. In this coarse-resolution image the footpoints are
unresolved, appearing as sources of the same size as the coronal
source. Hence, in this image, all sources in our example are
equally bright. Figure 6 illustrates a new method of making
CLEANed images with RHESSI of extended sources in the
presence of compact footpoint sources. In this new approach, the
CLEAN algorithm (Hurford et al. 2002) is run in two steps: first,
a fine-resolution image is made and the CLEAN components
of the footpoints are obtained. In a second step, the CLEAN
components of the footpoints are subtracted from a coarse-
resolution backprojection image, and the resulting residual map
is CLEANed using the standard software. In this way, we obtain
a coarse-resolution image of extended sources (if present) with
the footpoint emission subtracted.

To test the new two-step CLEAN algorithm, the event from
Bain & Fletcher (2009) is used. Consistent with images shown
in Bain & Fletcher (2009), the two-step clean algorithm shows
two footpoint sources and an extended coronal source (Figure 6,
bottom right). The extended hard X-ray source nicely outlines
the extent of the EUV jet. Despite the low brightness of the
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Figure 5. Temporal evolution of the six events with TRACE observations. For each event, the GOES soft X-ray flux (top panel), the time profile in non-thermal hard
X-ray (bottom panel, blue), the EUV emission of the jet (bottom panel, green), and the EUV emission of the flare (bottom panel, red) are shown. The numbers in the
top left corner correspond to the number given in Table 1.

(A color version of this figure is available in the online journal.)
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Figure 6. “Two-step-clean” algorithm applied to the event of 2002 August 22 integrated from 01:50:45 to 01:51:45 UT. (1) The CLEANed fine-resolution image
reconstructed in the energy range 25-50 keV using subcollimators 3-5. (2) The CLEAN components from the CLEANed image shown to the left convolved with the
RHESSI point-spread function using coarse subcollimators 5-9 only. (3) Low-resolution backprojection image using subcollimator 5-9. (4) The same backprojection
image with the CLEAN components of the compact sources convolved with the point-spread function subtracted. (5) The CLEANed image of the residual map.
(6) The footpoint emission (blue contours) and the extended coronal source (dashed blue contours) plotted on the TRACE image from 01:51:19 UT.

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

coronal source (maximal 5.3% of the brightest footpoint), the
extended area makes the total flux of the coronal source of the
same order as the footpoint flux. We analyzed our set of 16 events
in the same way, but none of the events shows a coronal source
as in the event of Bain & Fletcher (2009). A more detailed
investigation including time variations should be done in the
future. However, it is noted here, that the jet discussed by Bain
& Fletcher (2009) is a different kind of event than the jets
discussed in this paper. (1) The associated flare is a two-ribbon
flare associated with a gradual solar energetic particle event with
a different geometry as the interchange reconnection scenario
discussed here. (2) The associated electron event seen at 1 AU is
adelayed event and not a prompt event as selected for our study.
(3) The EUV jet is much more complex than the jets associated
with the events presented here. Therefore, we do not necessarily
expect to observe the same hard X-ray signature for our set of
events.

3. SUMMARY AND DISCUSSIONS

Our statistical survey corroborates that the interchange re-
connection topology is the most common origin of prompt solar
energetic electron events seen at 1 AU (Figure 7). Because not
all events in our sample show three hard X-ray footpoints, we
cannot exclude that other magnetic topologies are possible in
the production of escaping electrons as well.

One striking observational fact is the much larger number
of accelerated deka-keV electrons seen in the chromospheric
footpoints compared to number of escaping electrons (for details
on how these order-of-magnitude estimates are derived we refer
to Lin & Hudson 1971). Neither Coulomb collisions nor wave-
particle interactions can account for this large difference. While
electrons of a few keV energy are likely to lose all their energy to
Coulomb collisions before escaping the corona (e.g., Lin 1985;
Saint-Hilaire et al. 2009), electrons above 10 keV should be
able to escape to the interplanetary medium. For a fast type III
burst exciter speed around the third of the speed of light, the
corresponding electron energies are around ~30 keV. Hence,
wave-particle interactions modify the spectrum of electrons
below this threshold energy, but electrons with higher energies
are generally not affected.

An asymmetric acceleration efficiency in the up—down di-
rection could be the result of acceleration in a collapsing trap
(e.g., Karlicky & Kosugi 2004). Energetic electrons within the
flare loop could undergo acceleration by the betatron process,
as the newly reconnected loop collapses. However, it is un-
clear why the third footpoint source would be as bright as the
footpoints in the closed loop. Minoshima et al. (2010) suggest
that two types of acceleration are simultaneously at work: the
inertia drift acceleration is responsible for escaping electrons,
while the betatron acceleration enhances the electron velocity
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(A color version of this figure is available in the online journal.)

perpendicular to the magnetic field and energizes the bulk of
flare electrons. However, also in this model it is unclear why
the number of escaping electrons is so much smaller than the
number of electrons precipitating along the open field line.

Brown et al. (2009) and Turkmani & Brown (2010) have
recently proposed a flare model involving local re-acceleration.
In their scenario, electrons gain energy in electric fields from
cascading current sheets that occur within the entire flare loop
including the footpoints (Vlahos et al. 2004; Turkmani et al.
2006). Because the acceleration efficiency scales with magnetic
field strength, acceleration is strongest within the chromospheric
footpoint. Hence, within the hard X-ray source region, electrons
not only lose energy by collisions, but also gain energy (i.e.,
electrons are locally re-accelerated). Compared to the thick
target model, the re-acceleration scenario therefore requires
fewer electrons to produce the same hard X-ray emission (note
that the required total energy remains the same). Re-acceleration
of escaping electrons is expected to be much less efficient
because of the low magnetic field strength in the corona. Hence,
a local re-acceleration model could, in principle, explain the
low number of escaping electrons. However, this model does
not make specific prediction that can be compared with the
observations. While the test particle approach employed by
Brown et al. (2009) is useful to estimate the re-acceleration
rate, it does not explain how the cascading current sheets evolve
in time in response to particle energetization and finally saturate.

The low number of escaping electrons could also be ex-
plained by all the models where the main acceleration oc-
curs in the chromospheric footpoints (e.g., Fletcher & Hudson
2008). In this case, the escape efficiency from the chromo-
spheric acceleration region would give the fraction of escap-
ing electrons. However, the details of the acceleration process
in footpoints nor the escape from the footpoints are currently
understood.

Future analysis of this type of imaging data sets should
focus on the time evolution. SDO provides ~10 s cadence
data of full-disk images at multiple EUV wavelengths, a
significant improvement compared to the data shown in Figure 4.
RHESSI imaging observations can easily match this cadence.
The addition of STEREO observations will provide different
view angles of the flare site and in situ electron observations
for events not magnetically connected to Earth. This will
greatly enhance the number of events with a complete set of
observations. The breakthrough in understanding of electron
acceleration and transport, however, is expect with the launch
of inner heliospheric missions such as Solar Orbiter, Solar Probe
Plus, and Interhelio-Probe currently planned to be launched in
the time frame of 2017 to 2018.

We thank the referee for carefully reading our paper. The
work was supported through NASA contract NAS 5-98033 for
RHESSI and grant NNG 05GH18G for WIND. E.PK. gratefully
acknowledges the support of a PPARC Advanced Fellowship
and STFC Rolling grant.
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