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ABSTRACT

From the complete data set of solar flares simultaneously observed with the Burst and Transient
Source Experiment (BATSE) on board the Compton Gamma Ray Observatory (CGRO) in the high-time
resolution mode (64 ms) and the Hard X-ray Telescope (HXT) on board Yohkoh, we were able to deter-
mine the electron time-of-flight (TOF) distance I’ and the flare loop geometry in 42 events. The electron
TOF distances were determined from time delays (of ~10-100 ms) of hard X-ray (HXR) pulses
(measured in 16 channel spectra over ~20-200 keV), produced by the velocity difference of the HXR-
producing electrons. The flare loops were mostly identified from double footpoint sources in =30 keV
HXT images, with radii in the range r = 3000-25,000 km. We find a scaling law between the electron
TOF distance I’ and the flare loop half-length s = r(n/2), having a mean ratio (and standard deviation) of
I'/s = 1.4 + 0.3. In five flares, we observe coronal 230 keV HXR sources of the Masuda type in the cusp
region above the flare loop and find that their heights are consistent with the electron TOF distance to
the footpoints. These results provide strong evidence that particle acceleration in solar flares occurs in
the cusp region above the flare loop and that the coronal HXR sources discovered by Masuda et al. are

a signature of the acceleration site, probably controlled by a magnetic reconnection process.

Subject headings: acceleration of particles — radiation mechanisms: nonthermal — Sun: corona —
Sun: flares — Sun: X-rays, gamma rays

1. INTRODUCTION

The kinematics of electrons in solar flares can be probed
by time-of-flight measurements using the energy-dependent
timing of hard X-ray (HXR) pulses. For typical solar flare
spectra, HXRs in the energy range of 25-250 keV are
mostly produced by electrons with kinetic energies of =~ 50—
500 keV, which have relativistic velocities in the range of
B = v/c = 0.4-0.9, leading to flight time differences up to a
factor of 2. We use this method to determine the spatial
location of the so far elusive electron acceleration sites in
solar flares.

Three prerequisites are required for such a kinematic
experiment: (1) the identification of the electron energy loss
site, (2) the measurement of time differences for particles
with different speeds, and (3) the verification of a simulta-
neous start at the departure place. The first requirement can
easily be met by selecting flares with hard X-ray footpoint
emission (Hoyng et al. 1981; Duijveman, Hoyng, &
Machado 1982; Takakura, Tanaka, & Hiei 1984; Sakao
1994). This localizes the energy loss site of precipitating
electrons inside a chromospheric layer with a depth of
<2500 km, in the framework of the thick-target model
(Brown 1971; Hudson 1972 ; Emslie 1978, 1983). The second
requirement, the feasibility of time difference measurements
between HXR-producing electrons of different speeds (or
kinetic energies), has been first demonstrated with Compton
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Gamma Ray Observatory (CGRO) data in Aschwanden,
Schwartz, & Alt (1995b, hereafter Paper I), and also with
Solar Maximum Mission (SMM) data in Aschwanden et al.
(1995a). It was found that only the rapid fluctuations (on
timescales of <1 s) of the HXR flux, which generally
account for only <$10% of the total HXR flux, contain
information on directly precipitating electrons suitable for
time-of-flight measurements, while the smoothly varying,
gradual HXR flux has an opposite timing and is probably
dominated by trapping effects. The accuracy of such relative
delay measurements can exceed the instrumental time
resolution of the HXR detector, for temporally resolved
pulses with a high signal-to-noise ratio (Aschwanden &
Schwartz 1995, hereafter Paper II). For a proper determi-
nation of the electron time-of-flight (TOF) distance, the
convolution of a time-dependent electron injection spec-
trum with the bremsstrahlung cross section and the instru-
mental response function needs to be inverted. This task has
been numerically simulated for power-law spectra with a
high-energy cutoff (Aschwanden & Schwartz 1996, hereafter
Paper III). A first comparison of an electron TOF distance
with the geometry of an observed flare loop has been per-
formed for a Masuda-type flare (Masuda 1994a) on 1992
January 13 (Aschwanden et al. 1996a, hereafter Paper IV).
The third requirement is the inference of a simultaneous
start time for electrons with different energies. Intuitively, it
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ELECTRON TIME-OF-FLIGHT DISTANCES

is expected that the injection of electrons onto a magnetic
field line (that connects with the flare loop footpoints)
should exhibit an energy dependence that is in some rela-
tion to the finite acceleration time, estimated to be of
similar order of magnitude as electron propagation times in
flare loops (see, e.g., Holman 1985; LaRosa et al. 1996,
Miller, LaRosa, & Moore 1996). However, detailed fits of
various acceleration models to HXR time delay measure-
ments, with uncertainties of less than a few milliseconds for
electron energies in the range of 80-800 keV, have failed to
explain the observed HXR timing in terms of acceleration
times (Aschwanden 1996, hereafter Paper V). In contrast,
electron propagation time differences provide excellent fits
to the observed delays within the uncertainties of the
Poisson noise (Aschwanden et al. 1996b, hereafter Paper
VI). It appears, therefore, that electron propagation time
differences can fully account for the observed HXR timing,
while acceleration times have a negligible role. This result,
however, leaves the question open as to whether acceler-
ation times might be substantially smaller (less than a few
ms) than expected, or whether electrons are bottled up in
the acceleration region until they get injected into the flare
loop by a mechanism that does not discriminate between
different energies.

After we have clarified the various prerequisites and
issues surrounding the significance of electron TOF mea-
surements (see the first five papers in this series), we can
proceed to a systematic exploitation of this method. The
most accurate measurements can be performed in flares
with the highest signal-to-noise ratio in the HXR count
rate. This was attempted for the eight largest flares observed
with CGRO/BATSE and Yohkoh/HXT in Paper VI. In this
study, we extend the same measurement technique to the
complete data set of flares jointly observed with CGRO/
BATSE and Yohkoh/HXT. A total of 140 such flare events
were recorded during the period 1991-1995. Based on this
comprehensive and representative data set, we establish a
scaling law between the electron TOF distance and the flare
loop size.

The contents of this paper are as follows: a brief descrip-
tion of the data selection and analysis (§ 2), the geometric
projection of TOF distances onto HXR flare images and the
resulting scaling law (§ 3), and an interpretation of TOF
distances with regard to the localization of electron acceler-
ation sites (§ 4).

2. OBSERVATIONS AND DATA ANALYSIS

We use high-time resolution (64 ms) data from the 16
channel spectra readout in the Medium Energy Resolution
(MER) mode from the BATSE detectors on CGRO
(Fishman et al. 1989, 1992) for HXR delay measurements in
the energy range of ~20-200 keV. For comparisons with
HXR images, we make use of the four-channel (Lo: 14-23
keV; M1: 23-33 keV; M2: 33-53 keV; Hi: 53-93 keV)
images from HXT on Yohkoh (Kosugi et al. 1991), which
have a nominal resolution of 25", as well as from simulta-
neous soft X-ray images from SXT on Yohkoh (Tsuneta et
al. 1991), having a pixel size of 2746. Additional details of
the instruments and observations are given in the first six
papers in this series.

2.1. Data Selection

We compiled a complete list of flare events jointly
observed by CGRO and Yohkoh. Further, we restricted our
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analysis to high—time resolution (64 ms) data and 16
channel spectra, which require a burst-trigger on BATSE
and readout in the MER mode, generally lasting for 164 s.
On the Yohkoh side, we required simultaneous coverage
with HXT in the flare mode, which provides HXR images in
the three higher energy channels (M1, M2, and Hi). From
the overlapping epoch of both spacecraft (from 1991
October to the end of 1995), we identified 140 commonly
observed flare events. A breakdown of the excluded and
analyzed events is given in Table 1. Of these events, 108
produced useful MER data; the other 32 events are not
accessible because of data loss (mainly during 1992-1995
due to overwriting after the tape recorders on CGRO failed)
or are corrupted by incomplete readout or pulse pile-up
effects.

2.2. CGRO Data Analysis

The HXR timing measurements were performed accord-
ing to the same method as described in Papers IL, I1L, IV, V,
and VI. A first preparatory step is the discrimination
between the pulsed and the smooth component of the HXR
flux, which generally have different time delay character-
istics, mostly of opposite sign (see Papers V and VI). In the
last paper (Paper VI), we developed a filter technique using
the fast Fourier transform (FTT) to separate the two com-
ponents (with competing time delays) by varying the filter
cutoff until the difference in the time delays between the
low-pass and high-pass component is maximized. If the
delays are of opposite sign, the correct filter timescale g
can simply be determined from the maximum of the time
delay 7 as a function of the filter timescale tz. For this
optimization, we repeated the time delay measurements
for each flare over a broad range of filter timescales (t; =
1-10s).

A necessary condition to attribute HXR time delays to
electron propagation time-of-flight differences is that the
low-energy electrons must have a positive time delay with
respect to the high-energy electrons. This is generally found
to be the case for the pulsed component (see the first six
papers in this series), while the smooth component has often
a negative delay (Papers V and VI). From our data set of
108 analyzed MER events, we find a total of 61 flares with
positive time delays for the low-energy HXR pulses, while
16 flares show negative delays. Thus, about 80% of flares
with fine structure (or pulses) qualify for electron time-of-
flight measurements, a ratio similar to that found in earlier

TABLE 1
STATISTICS OF ANALYZED FLARE EVENTS

Number of
Event Type Events
Coincident CGRO/MER and Yohkoh/HXT events ...... 140
Events with unusable CGRO/MER data.................. 32
Analyzed CGRO/MER events...........c..coevevninnene.. 108
Events with no fine structure or imsignificant delay... 31
Events with negative delays of fine structure .......... 16
Events with positive delays of fine structure........... 61
Events with unusable Yohkoh/HXT data............ 9
Events with analyzed Yohkoh/HXT data............ 52 (100%)
1. HXR Double footpoints +cusp source ........ 5 (10%)
2. HXR Double footpoints ......................... 22 (42%)
3. HXR Single footpoints, elliptical ............... 14 27%)
4. HXR Single footpoints, unresolved ............ 4 (8%)
5. HXR Single footpoints, near imb.............. 7 (13%)
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statistical studies (Papers I and II). The other 20% of flares
with negative time delays of the pulses are interpreted in
terms of (thin- or thick-target) energy loss in the coronal
part of the flare loop (Paper II) and are not studied here.
Also, we identified a total of 31 flares that did not exhibit
significant pulse structures or no significant time delays
(over the entire range of analyzed filter time scales). This
lack of significant time delays or significant fine structure is
caused partially by the limitations of the Poisson noise (for
flares with low count rates) and partially because the burst-
trigger mode missed the main impulsive phase. Under
optimum conditions (at high count rates and with full time
coverage of the impulsive phase), only a small percentage of
flares ( < 10%) show no fine structure at all.

2.3. Yohkoh HXT Data Analysis

In the following we concentrate only on the 61 events
with significant positive time delays, for which an electron
TOF distance could be determined. From this subset, we
omit nine events with no suitable HXT data, either because
the count rate was too low (<10 counts s~ SC™1, where
SC = subcollimator) or no suitable background time inter-
val was available to produce useful HXR images with the
maximum entropy method (MEM). This leaves us with 52
events with suitable GRO/MER and Yohkoh/HXT data for
TOF distance comparisons.

A breakdown of the morphology of the HXT images is
given in Table 1: five flares show HXR double footpoints
plus an additional HXR cusp source (three of them are limb
events of the Masuda type: Masuda 1994a; Masuda et al.
1994, 1995); 22 flares show HXR double footpoints (Sakao
1994); 14 flares show elongated (elliptical) footpoints, an
intermediate type between single and double footpoint
sources; four flares show single footpoints, located near disk
center; and seven flares show single footpoints, located near
the limb, which could also be double footpoint sources with
unresolved footpoints due to the foreshortening. Thus, our
statistics are similar to those of Sakao, who lists 43%
double footpoint sources, 28% single footpoint sources, and
28% multiple sources from a sample of 28 analyzed events.

3. RESULTS

The observational parameters of the 52 analyzed events
are listed in Table 2 and graphically presented in Figures 1,
2,3, and 4. We ordered the 52 flare events into five morpho-
logical groups and show the measurements of the first three
groups in Figures 1, 2, and 3, including all events with
measurable footpoint separation, except for the eight flares
shown in Paper VI. The analysis procedure is identical to
that used in Paper VI, and we show the results in a con-
densed format in Figures 1, 2, 3, and 4. For each flare event
we show four panels: Yohkoh/HXT +SXT maps with pro-
jected loop geometries (Figs. 1, 2, 3, and 4, left-hand panels),
a vertical projection of the loop geometry (second panels),
the HXR delays and the fit of the TOF model (third panels),
and the dependence of the TOF distance I'(tz) on the filter
timescale (right-hand panels). The analyzed time intervals,
over which the TOF model was fitted, were mainly dictated
by the CGRO/MER burst triggers. They cover in most cases
the periods of the impulsive flare phase over which fast
HXR pulses occur but stop sometimes before the main flare
peak. The used FFT filter timescales t; indicate the opti-
mized values at which the TOF distance ' is measured,
defined by the first peak or plateau left-hand side in the
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function I'(¢z), within a range of filter timescales with accept-
able fits of the TOF model (see discussion in Paper VI). The
spectral slope y is computed from a single power-law fit to
the average HXR spectrum over the analyzed time interval
and is used for the inversion of the TOF distance I’ from the
measured HXR delays (Paper III). The TOF distance [’ is
determined from the best fit to the HXR delays (Figs. 1, 2, 3,
and 4, third panels), corrected for pitch angle motion in the
limit of high mirror ratios (¢, = 2/ = 0.64) and for helical
twist by = 1 radian (g5 =~ 0.85; Paper IV). The loop radius r
is determined from the half-footpoint separation, corrected
for the projection angle between the solar surface and line-
of-sight direction. Finally, we determine for each flare the
ratio I'/s, i.e., the TOF distance I’ divided by the loop half
length s = r = (7/2).

Projections of the TOF distance ' into the vertical plane
through the flare loop footpoints are shown in the left-hand
panels in Figures 1, 2, 3, and 4, overlaid on HXT/M1 con-
tours and SXT gray-scale images. In some exceptional
cases, a missing SXT image was substituted by a HXT/Lo
image, or the loop plane was tilted by an inclination angle 0
so that the loop symmetry axis intersects with the cusp
source (Figs. 1la, 1b, and 1d). The geometry is shown in
projection onto the vertical plane in the second panels in
Figures 1, 2, 3, and 4, containing the semicircular flare loop
defined by the two footpoints, a magnetic field line that
connects to the cusp with a length corresponding to the
TOF distance I’ (see definition in Paper VI). The start of the
TOF distance I' is indicated by h,cc, the supposed height of
the acceleration site, and its uncertainty due to the Poisson
noise of the HXR delay measurement is indicated with a
thick error bar.

3.1. Flares with Double Footpoint plus Coronal
HXR Sources (Fig. 1)

Figures 1la—1le contain five events with double footpoint
sources plus an additional cusp source with =30 keV HXR
emission (visible in the HXT/M1 channel). Three of these
events (Figs. 1b, 1c, and 1d) are contained in Masuda’s selec-
tion of 10 limb flares with above-looptop sources (Masuda
1994a). We found an additional limb flare (Fig. 1e), which
occurred after the time range of Masuda’s selection. This
event of 1993 November 30 is special because it is the
brightest SXR loop seen in SXT during the flare time over-
arches the coronal HXR source, but a difference image
obtained from subtracting a preflare SXR image (shown as
gray scale in Fig. le) reveals that a smaller new SXR loop
grows underneath the coronal HXR source during the
impulsive phase of the flare, while the overarching large
loop remains stationary, probably a remnant postflare loop
from a previous flare. We found also a cusp-shaped flare
with a coronal HXR source on the disk (Fig. 1a, 1991
November 19), at a heliographic longitude of W64°, which
otherwise resembles Masuda’s limb flares with coronal
above-looptop HXR sources.

The projections of the TOF distances onto the Yohkoh/
HXT images show that the inferred acceleration site
(defined by the start of a magnetic field line connecting with
the footpoints) is cospatial with the location of the coronal
HXR sources within the error bars of the HXR delay mea-
surements for all five flares with coronal HXR sources. The
first two flares (Figs. 1a and 1b) have relatively noisy HXR
data and thus large error bars (a,,/' ~ 50%), but the other
three flares have relatively small errors in the TOF distance
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i (0,/l' & 15%-35%) and match the location of the coronal
HXR sources quite closely. The flare of 1992 January 13 has
been previously investigated in Paper I'V. Although we used
different filter techniques to separate the HXR pulses from
the smooth HXR flux in the two studies, we find a consis-
tent TOF distance with both techniques.

3.2. Flares with Resolved HX R Double Footpoint
Sources (Fig. 2)

The second group contains classical double footpoint
flares, as studied by Hoyng et al. (1981), Duijveman, Hoyng,
& Machado (1982), Takakura et al. (1984), and Sakao
(1994). From this group of 22 flares, the seven largest flares
are shown in Paper VI, while the 15 weaker flares are shown
here in Figure 2. Only few flares have symmetric footpoints
(e.g., Fig. 2f); most of them have an asymmetric HXR
brightness in both footpoints, probably caused by asym-
metric magnetic mirror ratios (Sakao 1994). The contempo-
raneous SXT image does not always show a SXR loop
connecting the two footpoints. Such discrepancies can be
explained by the presence of preexisting bright SXR loops,
while the upflow of SXR-emitting plasma from the conju-
gate HXR footpoints could be delayed or weaker compared
with the preexisting SXR loop. In some cases, the contours
of the flare-related SXR loops were used to identify the
conjugate footpoints (e.g., Fig. 2m).

3.3. Flares with Unresolved HX R Double Footpoint
Sources (Fig. 3)

This group of 14 flares, shown in Figure 3, has an inter-
mediate morphology between double and single footpoint
sources. We interpret most of these cases as a superposition
of two (mostly asymmetric) double footpoint sources, which
cannot be properly resolved in the HXT images, either
because of the spatial proximity and asymmetry or because
of confusion by additional HXR contributions from coronal
parts of the flare loop. To estimate the (unresolved) foot-
point separation, we use the elliptical shape of the lower
brightness contours as a guide. However, because this deter-
mination of footpoint separation is less certain, we sample
the statistics of loop geometries separately for this group.

3.4. Flares with HX R Single Footpoint Sources (Fig. 4)

There remain 11 flares with single footpoint sources for
which the footpoint separation cannot be determined. One
case is shown in Figure 4, for which the TOF distance is
comparable with the spatial resolution of HXT, so that we
suspect that the two footpoints cannot be resolved. In three
other flares, listed under Group 4 in Table 2, the TOF
distance is definitely larger than the resolution of HXT, so
that we suspect that the conjugate HXR footpoint is too
weak to be visible in the HXT images, given the maximum
HXT dynamic range of ~1:10 and the relatively weak
HXT count rates for these events. A last group of seven
flares with single sources is located near the limb, for which
we suspect that the double footpoint structure cannot be
resolved because of the foreshortening in the east-west
direction.

3.5. Scaling Law between Electron TOF Distances
and Loop Lengths

After removing flares with single sources, for which the
footpoint separation cannot be determined, we are left with

100~ T T T T T T T B B s s e S s B B s B e

I/s=1.43+0.30 N =37 (42) g

80+

60 5 R ]

TOF distance I' [Mm]

zo—- d Vj&il/ i —

Loop radius r [Mm)]

F1G. 5—Scaling law of TOF distance I vs. loop radius r in 42 flare
events. The average ratio is indicated with a solid line; the dashed lines
indicate a loop half-length (I'/s = 1) or a full loop length (I'/s = 2).

42 events for which both the TOF distance and the foot-
point separation is known. For these 42 events, we plot the
TOF distance I’ versus the loop radius r in Figure 5. The
loop radii vary from a maximum of r = 25,000 km down to
the HXT resolution limit of » &~ 3000 km. There is a striking
correlation between the two parameters. We find a mean
ratio of I'/s = 1.43 + 0.30 for the TOF distance I’ to the loop
half-length s = r * (n/2), omitting events with large uncer-
tainties in the TOF distance, i.e., five events with o,/I' 2
50% (indicated with dashed error bars in Fig. 5). For the
subset of elongated (elliptical) HXR sources, we find no
significant difference in the ratio I'/s. All ratios are confined
in a range of 1 < I'/s < 2, although the range of loop radii
varies by a factor of 10. We do not find a single flare with a
TOF distance shorter than the loop half-length. All flares
with ratios I'/s > 2 have also large error bars and could be
consistent with a ratio of I'/s < 2. The completeness of this
data set (that includes all flares with measurable footpoint
separation and HXR pulse delays of positive sign) consti-
tutes a highly representative result, which may be dubbed
the “scaling law” between the electron TOF distance and
Afare loop length.

4. DISCUSSION AND CONCLUSIONS

The main result of this study is a scale-invariant ratio
between the electron TOF distance I’ and the flare loop
half-length s, ie, I'/s =14 4+ 0.3. Because this ratio is
smaller than 2, the acceleration site of electrons that
produce footpoint HXR emission could theoretically be
located inside the flare loop. However, there are two inde-
pendent reasons that support evidence for a location of the
acceleration site above the flare loop rather than in the loop
itself.

The most direct reason is the presence of HXR sources
above the flare looptop, as identified by Masuda (1994a)
and shown in the five cases in Figure 1 here. Moreover, we
found that the electron TOF distance matches the separa-
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tion between the coronal HXR sources and the footpoints.
This probably represents the strongest evidence to identify
the coronal HXR sources with the electron acceleration site,
although the physics of nonthermal HXR emission in such
low-density regions is poorly understood (Hudson & Ryan
1995). A possible explanation is that trapping is involved in
the acceleration region, which bottles up the electrons until
they get injected (or scattered) into the flare loop. Because
the timescale of the modulated pulses appears to be corre-
lated with the loop diameter (see Fig. 9 in Paper VI), the
injection mechanism could be a pitch-angle modulation
mechanism controlled by MHD oscillations or MHD
waves in the cusp region. This scenario would also explain
the apparent simultaneity of the electron injection times at
different energies.

A second reason in favor of an acceleration site outside of
the flare loop is the fact that the average ratio I'/s deviates
from unity. To understand this, we have to be aware that
the HXR pulses with a typical duration of ~0.5-1.5 s
(Paper VI) are much longer than the measured electron
propagation time differences (of ~0.1 s) and therefore do
not allow us to measure the propagation times to the two
footpoints separately. For instance, if we assume that an
acceleration site is located 1.4 loop half-lengths away from
one footpoint, and thus 0.6 half-lengths away from the other
footpoint, the superimposed HXR pulses from both foot-
points would add up to a single pulse with a TOF difference
that corresponds approximately to the mean delay from
both contributions, ie., corresponding to 1.0 loop half-
lengths, unless the contributions from both footpoints are
so asymmetric that the contribution from one footpoint
dominates in the delay measurement. However, inspecting
the most symmetric footpoint sources (e.g., cases shown in
Figs. 2f or 2j), we find the same nonunity ratios of I'/s ~ 1.5
as for the asymmetric loops.

In view of these arguments, it appears that electron accel-
eration is most likely to be located in the cusp region above
the flare loops. It remains to be shown whether the acceler-
ation site is located in the immediate environment of an
X-type magnetic reconnection point or in some region
below, e.g., in a region of turbulent outflow from the recon-
nection point (LaRosa et al. 1996; Moore, La Rosa, &
Orwig 1995; Tsuneta 1996). Once the accelerated electrons
get injected into the flare loop, only the fraction with small

ASCHWANDEN ET AL.
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pitch angles will directly precipitate at one or at both foot-
points, depending on the local magnetic mirror ratios. In
large loops with high magnetic mirror ratios, we expect that
all injected electrons are bounced first before they scatter
into a loss cone and precipitate, producing a smoother
HXR time profile without fast time structures and
exhibiting delays that are characteristic of the trapping
times. This scenario explains, in a natural way, the generally
small modulation depth (<5%-20%) of the HXR pulses
and why the time delays of the modulated HXR pulses are
consistent with electron time-of-flight differences, while the
smooth HXR flux is governed by opposite time delays char-
acteristic of electron trapping times. We should not forget
that this scenario applies for flares with HXR footpoint
emission. If the electron density in the flare loop is suffi-
ciently high (n, 2 10'? cm™3), electrons will lose a signifi-
cant fraction of their energy by Coulomb collisions in the
coronal part of the flare loop. We will investigate this class
of flares with dominantly coronal HXR emission in a
separate study.
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