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ABSTRACT

We study the impulsive phase of a C9.0 solar flare using high temporal and spatial resolution Ha
images from Big Bear Solar Observatory (BBSO) in conjunction with high-cadence hard X-ray (HXR)
observations from Yohkoh. During the early impulsive phase, HXR emission emerged from two kernels
K1 and K2 which were connected by coronal loops observed in soft X-ray (SXR) images from Yohkoh.
In Ho, the initial rise was observed in one flare kernel K2, which was followed within 10 s by enhanced
emission in the associated kernel K1. Such a significant asymmetry was not observed at HXR wave-
lengths. Our analysis shows that the asymmetric Ha footpoint emission cannot be explained by the mag-
netic mirroring effect in which strong field footpoints show lower precipitation rates. Instead, we study
this phenomenon by investigating the atmospheric response of the lower chromosphere to nonthermal
beam heating. From numerical simulations, it is suggested that a cool atmosphere does not respond
rapidly to beam impact, which may explain the missing Ha emission at K1 during the early impulsive
phase. At K2, the early-phase atmosphere may be preferentially heated resulting in the Ha emission
rapidly following the HXR emission. This is due to the fact that K2 is a compact source which received
persistent energy deposition and consequent heating in a confined area during the early phase. K1, on
the other hand, is a diffused source which therefore experienced a lower heating rate per unity area. We
propose a scenario in which the flare loop consists of multiple magnetic “threads” connecting the
compact footpoint K2 with the diffuse footpoint K1.

Subject headings: Sun: activity — Sun: flares — Sun: magnetic fields

1. INTRODUCTION

It is well accepted that HXR emission in the impulsive
phase of solar flares is largely produced at the footpoints of
flare loops by energy exchange between hydrogen atoms
and nonthermal electrons which are stopped at the upper
chromosphere via Coulomb collision (Brown 1971). The
impact of nonthermal electron beams gives rise to the exci-
tation of hydrogen atoms and produces enhanced Ho emis-
sion. Increased emission in the Ha line wings can be
produced when the dense lower chromosphere is sufficiently
ionized by the penetrating electron beams. The physical
process of heating, excitation, and ionization of the chromo-
sphere by nonthermal beams takes place on a very short
timescale (<1 s), so it has been believed that high temporal
and spatial resolution Ha observations can be used to trace
the temporal variations and spatial locations of nonthermal
electrons during the impulsive phase.

In the case of nonthermal beam heating, the Ha emission
depends on the energy flux and power spectrum of the non-
thermal electrons, and so Ha observations allow us to
retrieve information on the nonthermal electron popu-
lation. However, Ho emission produced by nonthermal
beam heating also involves complicated radiative transfer
processes. Accurate diagnostics of the emission requires suf-
ficient understanding of the atmospheric response to the
precipitated beams. Based on the numerical simulations of
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the flare atmosphere dynamics (e.g., Fisher, Canfield, &
McClymont 1985a, 1985b), Canfield & Gayley (1987) and
Gayley & Canfield (1991) gave detailed theoretical analyses
of the increased emission in the wings of the hydrogen
Balmer lines. Their studies offer a guideline to understand-
ing Ho emission in terms of beam heating.

Since the 1980s, high-cadence campaigns have been con-
ducted to investigate the fine-scale temporal structures of
HXR and He emission (Kiplinger et al. 1983; Neidig et al.
1993; Trottet et al. 2000; Wang et al. 2000). These obser-
vational results have confirmed the similarity between Ho
and HXR emission during the impulsive phase of solar
flares to within the limit of their temporal resolution. Wang
et al. (2000) also found that during the early impulsive
phase, the rise of Hax — 1.3 A emission was delayed by
several seconds with respect to the HXR bursts. They
explained this as being a result of the long ionization time-
scale of the initially cool atmosphere. However, this issue
was not fully addressed in their paper because of incomplete
data coverage. In this paper, we analyze high-cadence
observations of an impulsive C9.0 flare for which a com-
plete data set was obtained. We specifically investigate Ho
and HXR emission in the early phase of the flare in order to
understand the physics of nonthermal electron precipitation
and heating of the lower atmosphere during this stage.

2. OBSERVATIONS

We conducted high-cadence flare observations at BBSO
using a high frame rate Silicon Mountain Design 1M-60
camera. On 2000 March 16, we observed a C9.0 flare in
NOAA AR8906 (S16° W31°) with a cadence of about 0.1 s
at Ho — 1.3 A. The pixel size of the CCD was 036 pixel 1.
The image resolution was seeing limited, the measurable
size in the best seeing condition being 0”7. During the 40
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minutes of continuous observations, the seeing was rela-
tively stable. We first aligned the images rigidly with a
cross-correlation algorithm, and then used a “ destretching ”
algorithm to minimize image distortion due to seeing effects
which cause differential motions of the features in an image.
The accuracy in the co-alignment was better than 1”. Each
image was then normalized to the quiet-Sun intensity.

We also obtained Yohkoh data during the impulsive
phase. These observations include SXR images from the
Soft X-ray Telescope (SXT) and HXR data from the Hard
X-ray Telescope (HXT) and Wide Band Spectrometer
(WBS). The HXT is a Fourier synthesis imager, which
observed the flare impulsive phase in four energy channels,
L, M1, M2, and H (14-23-33-53-93 keV). From the HXT
observations, we reconstructed HXR images using a modi-
fied maximum entropy method (MEM; Sakao 1994) with
the improved calibration pattern of Sato et al. (1999). The
Transition Region and Corona Explorer (TRACE) also
observed the flare in high-cadence mode in UV 1600 A
continuum, while magnetograms of the longitudinal mag-
netic field were obtained using the Michelson Doppler
Imager (MDI).

The HXR images were co-aligned with SXR images
(Masuda 1994), and then further co-aligned with TRACE
UV images using the pointing information of the two
instruments. Hoe images from BBSO were also co-aligned
with TRACE images to an accuracy of better than 1” by
registering common features.

3. RESULTS

This flare was an impulsive event with the Ho — 1.3 A
emission lasting for 3 minutes. As shown in Figure 1, we
observed two bright kernels K1 and K2. In the MDI mag-
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netogram (Fig. 2) observed a few minutes before the flare,
K1 was located in a light bridge dividing a large negative
spot into two parts, and K2 was within a positive magnetic
pore. These two kernels were connected by SXR loop struc-
ture which was revealed in the SXT images (Fig. 2, panel ¢),
thus they were most probably the conjugate footpoints of a
flare loop. Figure 3 illustrates time profiles of the flare at
various wavelengths. The Hu intensity I in each kernel was
obtained by taking the mean of the emission above the 85%
contour level, I, indicating the preflare intensity. In this
figure, the Ha light curves show an intensity increase with
respect to the preflare level. The two flare kernels have
similar temporal evolution profiles, their temporal corre-
lation coefficient being ~90%. The HXR light curves all
exhibit two major peaks, which can also be seen in Ha. The
temporal correlation between the HXR flux in the L and
M1 channels and the integrated Ha emission from the
overall flare region is greater than 80%. The simultaneity of
the HXR and the Ha emission in both kernels can be under-
stood as being a result of electrons simultaneously precipi-
tating and losing their energy at the flare loop footpoints.
We note one distinct phenomenon observed during the
early impulsive phase, that is, K2 exhibited enhanced Hua
and HXR emission, while K1 showed no significant Ho
emission for about 10 s. Since K2 was located in one mag-
netic polarity, it is unlikely that the initial energy release
occurred only at a single polarity footpoint of the flare loop.
With high-resolution images, we identified the early rise of
Ho in K2 which is located within a small area of positive
polarity (Fig. 2). Clearly, this confined region represents the
location into which electrons were deposited at the start of
the flare. During this episode, the location and size of the
initial brightening did not vary significantly, the FWHM of

341.3 cnts/crh | HXT M1 76.2 cnts/cm

18:35:02.1 - 18:35:05.6

1138.4 cnts/crh 666.6 cnts/cm

18:35:14.6 — 18:35:32.6

F16. 1.—Early phase of the flare observed at Ha — 1.3 A (left panel), and in the HXR L (middle panel) and M1 (right panel) channels. The images at
Ho — 1.3 A are shown in a logarithmic scale to demonstrate both bright and weak features.
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FIG. 2—(a) MDI magnetogram at 18:27 UT. The white/dark contours indicate the negative/positive magnetic fields, the contour levels being + 100, 200,
400, 800, and 1200 G. (b) Ha — 1.3 A filtergram at 18:35:00 UT, showing the early phase of the flare. (c) SXR image from the Yohkoh/SXT Al.1 filter at
18:35:14 UT superposed with HXR contours from the Yohkoh/HXT L (thin solid line) and M1 (thin dashed line) channels. The HXR emission in the L and
M1 channels is integrated from 18:34:40 to 18:35:05 UT, and from 18:35:02 to 18:35:05 UT, respectively, the contour levels being 0.1, 0.2, 0.4, and 0.8 of
the maximum. In all three figures, the thick solid lines indicate the inversion lines of the longitudinal magnetic field.

the brightened area being 1771 + 0716. K1, on the other i i i —150
hand, did not exhibit significant enhancement during the
early phase. We estimate that the contrast increase, I — I,
in K2 was about an order of magnitude greater than in K 1. 11003

The Ha behavior in the early phase indicates either
unequal nonthermal energy deposition or asymmetric foot-
point heating, or possibly a combination of both. Unequal
nonthermal energy deposition has previously been reported
in spatially resolved HXR observations by Sakao (1994), Li
et al. (1997), Kundu et al. (1995), and Wang et al. (1996), and 501
can be interpreted as being a result of magnetic mirroring, 40+
where the brighter HXR footpoint is located in the weaker L
magnetic field. According to Melrose & White (1981), 28_ HXT M1 23 - 33 keV
R,/R, = B,/B;, where R, and R, are the precipitation 10k
rates at the two footpoints, and B, and B, are the magnetic 0 115
field strength. From the MDI magnetogram we find that 10
the magnetic field strength was ~800 G at K1 and 500 G at _ 7
K2, thus giving a ratio R1/R2 of ~0.6. However, consider- HXT M2 3-53kev
ing that K1 was located in a light bridge which receives 15
certain scattered light from the sunspot in a magnetogram,
the real magnetic field strength in K1 must be weaker than 10
800 G. By the same measure, because of the scattered light 400
from the surrounding quiet-Sun region, B, may be under- 300 WBS HXS
estimated. As a result, the real ratio R1/R2 should be close
to unity. To examine the nonthermal energy deposition, we
reconstructed the HXR images in the L and M1 channels
during the early phase of the flare. Figure 2, panel c, 100
shows the HXR emission in the L channel integrated
from 18:34:40 to 18:35:05 UT, together with that in the
M1 channel which was integrated from 18:35:02 to
18:35:05 UT. The Yohkoh HXT flare mode was switched
on at 18:35:02 UT, hence, information before this time was
not obtained from the HXT M1-H channels. There are not
sufficient data counts to construct images in M2 and H
channels during this period. The HXR emission emerged
from two sites coincident with the Ho kernels K1 and K2, |
and the ratio of the precipitation rates (in units of , 00
counts s~ !) at the two kernels is estimated to be ~0.8-0.9 18:35:00 18:35:30 18:36:00 18:36:30
in the L and M1 channels. These values are consistent with
those predicted by the mirroriilg effect.

We can also use Hx — 1.3 A emission as a proxy for non- Fi16. 3.—HXR and Hu time profiles of the flare. In the bottom panel.
thermal electrons (Canfield & Gayley 1987; Canfield et al. the thick and thin solid lines ipndicate Ho intensity from K2 ang K1:
1993). The residual specific intensity, AI = I — I,, where I, respectively; I, is the preflare intensity.
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is the preflare intensity, in the Ha far wing is optically thin
and is roughly proportional to the opacity of the beam
heated chromosphere. From Canfield & Gayley (1987), the
Ha intensity is related to the nonthermal influx in the fol-
lowing way, AI/I, = [N,/H]q*®*?G(8§)K, where I, is the
continuum intensity, ¢ is the power-law index of the non-
thermal beam, N is the stopping depth determined by the
lower energy cutoff E., H is the preflare scale height, g is the
the beam strength parameter measuring the characteristic
heating per hydrogen nucleus relative to 10~ ° ergs s~ ?,
G(9) is a function of 4, and K is a coefficient decided by the
characteristic temperature T and ionization x, and is rather
insensitive to the beam parameters. Assuming the non-
thermal electron beams precipitated at the two footpoints
have the same power spectrum and energy cutoff, the ratio
of the Ha footpoint intensities is scaled as AI,/Al, =
(91/9,)*°*?. From 18:35:02 to 18:35:05 UT, the ratio of
the HXR flux in the M1 channel to that in the L channel is
~0.8, yielding an electron beam power-law index of ~4.4.
This indicates that the HXR emission during this early
phase is basically nonthermal. The ratio of the beam inten-
sity at the two kernels is given by q,/q, = (R{/S1)/(R,/S,),
where S; and S, are the HXR source areas in K1 and K2,
respectively. S; and S, are measured as the area encom-
passed by the 25% contours of the maximum counts in each
kernel in HXR images. If we measure S; and S, in the HXR
image in the L channel, AI,/AI, ~0.7; if S; and S, are
measured in the M1 channel, AI,/AI, ~ 0.6. These values
are still significantly larger than those of the Ha obser-
vations. It should be noted that the HXT image resolution
is in the order of 5"-10", so there is a large uncertainty in the
above estimate. Nevertheless, we can still say that the mag-
netic mirroring effect is not able to explain the missing Ha
emission in K1, because such an explanation requires that
the actual electron precipitation area in K1 has to be much
greater than in K2 by an order of magnitude, which is
unlikely judging from both HXT and Ha observations.

4. PARAMETRIC ANALYSIS

From above, the relative contrast in the Hx blue wing is
determined by a few physical parameters. These parameters
can be studied in two groups: those describing the beam
properties, i.e., nonthermal beam strength g, spectral index
6, and cutoff energy E., and those describing the atmo-
sphere and its response to nonthermal beam impact,
namely, the preflare scale height H, temperature T, electron
density n,, and fractional ionization x. The parameters in
the latter group are not independent of each other nor of
the beam parameters, and any investigation of the atmo-
spheric response must be handled by numerically solving
the radiative transfer equations.

Assuming the preflare atmospheric conditions in the two
locations are the same, we can study the Ha emission due to
changing nonthermal beam properties. Figure 4a illustrates
the ratio of the Ha contrast increase at the two kernels as a
function of ¢,/q, for varying values of . From this figure, it
is apparent that, with the same spectral index J, a small
difference in beam strength ¢, as supported by the HXR
observations in this event, cannot result in a large difference
in Al, and therefore, the missing emission at K1. This figure
also shows that for larger values of ¢,/q,, AI,/AI, is not
particularly sensitive to the power-law index .

The nonthermal beam flux (ergs s~ ! cm ~2) is determined
by both the beam strength g and the energy cutoff E, via

Vol. 554
1.0: @) =
o
— - _//"//‘
/-/'T/'-
S
- PRSP hata
s ///_/'/‘ /
_H -7 . -7 ./-‘
q »/ - ./’
.- s __5=6
55 d=5
- - 0=4
—.-0=3
0.1
0.1 1.0
a,/d,
FIG. 4a
1.00 T T ]
F (b) R
g ......
g
— 0=6
..... d=5
—__0=4
—.-0=3
0.1 L .
0.4 0.6 0.8 1.0
EcllEcz
FiG. 4b
(©)
0.10r — + —t b
i V =35 km/s ]
bS]
<>\ﬁ\V: 0 km/s
0.01 1 1 1
3 4 5
o)
FIG. 4c

F1G. 4—(a) plot of AI,/AI, as a function of q,/q, at varying values of ¢.
(b) AI/AI, as a function of E_,/E_, at varying values of 6, in the case of
F, = F, (thin lines) and F, = 0.5F, (thick lines). (c) Al as a function of ¢
with or without a macroturbulence velocity V.

F ~ qE?. We investigate the case where the nonthermal
energy cutoff differs at the two kernels as illustrated in
Figure 4b. It is shown that in either of the two considered
cases, F;, = F, and F, = 0.5F,, the cutoff energy in K2
must be at least twice that of K1, ie., E/E,, ~ 0.5, to
produce the observed Ha emission difference between the
two kernels. This is not impossible, but the reason for the
very different E, in the two kernels is not clear.
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We also consider various situations in which §, # J,.
Figure 4c illustrates the results of A at Ho — 1.3 A versus 6
which were obtained from non-LTE numerical simulations.
The simulation takes the flare model F1 of Machado et al.
(1980) as the preflare model atmosphere, and solves the level
population equation and radiative transfer equation for
hydrogen Balmer lines under nonthermal electron beam
impact. In the simulation, the cutoff energy is taken as
20 keV, and the nonthermal energy flux is 10° ergs cm ™2
s~ L. Figure 4c shows that Al is not sensitive to the change
in 6. Therefore, given the similar nonthermal flux and
energy cutoff, a possible difference in ¢ is not an important
factor in producing a large difference in AI between the two
kernels.

It was shown by Wang et al. (2000) that flares may
contain a large number of small-scale, short-lived elemen-
tary bursts, which are thought to be produced by consecu-
tive or overlapping electron beam pulses. In this case, both
the HXR and Hu emissions are actually a superposition of
numerous spatially and temporally unresolved pulses. The
numerical simulations of M. D. Ding, J. Qiu, & H. Wang
(2000, in preparation) suggest that the amplitude of Ha
emission relies on the heating status of the preflare atmo-
sphere. The same electron beam pulse is likely to produce
greater Ho fluctuation with a heated background atmo-
sphere. Ding et al. (2001) also show that the Ha wing emis-
sion can be significantly enhanced by introducing a large
macroturbulence. This effect is illustrated in Figure 4c. A
sufficiently large macrovelocity (e.g., ¥V ~ 35 km s~ !) can
Doppler-shift the core emission to the line wings, increasing
the wing emission by nearly an order of magnitude. The
physical meaning of macroturbulence is still poorly under-
stood, but it is believed to be related to the heating and
dynamics of the solar atmosphere.

We therefore propose a possible explanation of the
missing Ho emission at K1. If during the early phase of the
flare, the background atmosphere of K1 is relatively cool,
and the macroturbulence, as related to the extent of heating
and dynamics, is small, then the Ha wing emission in K1
would be less enhanced relative to K2. It is difficult to deter-
mine the cause of such a scenario. Nevertheless, from a
morphological point of view, K2 is a compact source, while
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K1 is diffuse. It is likely that the magnetic loop connecting
K1 and K2 is a bundle of fine magnetic “threads,” with one
end concentrated at K2 and the other end scattered around
K1, as illustrated in Figure 5. In such a configuration, it is
expected that persistent and concentrated heating at K2 can
efficiently raise the temperature and induce turbulence in
the lower atmosphere, while at K1, nonthermal electrons
precipitate along the magnetic “threads” in a diffused area,
which does not produce persistent heating at a single site
inside K1. As a result, the atmosphere at K1 remains cool in
the early phase of the flare until 10 s later when much
stronger nonthermal beam precipitation and therefore
heating sets in. This picture also suggests that the magnetic
flux in the K1 region is highly fragmented, as is the flare
loop. Observationally, such aggregation of the fine-scale
“threads” cannot yet be confirmed because of the lack of
sufficient resolution.

5. CONCLUSION

Temporally and spatially resolved ground-based and
satellite observations often reveal a close correlation
between HXR and Ha emission during the impulsive phase
of solar flares, which offers a clue to the physical process of
energy release and heating of the lower atmosphere by non-
thermal beams during the early phase of flares. In this
paper, through comparisons of high temporal and spatial
resolution Ho and HXR observations of a C9.0 flare, we
find that such a correlation is not always present. During
the initial stage of the flare, the event studied exhibits sig-
nificant Ha emission in only one footpoint of the flare loop,
although HXR emission emerges from both footpoints. We
investigate the cause for the missing Ho emission in the
other footpoint and suggest that the atmosphere at this
location may be relatively cool, so that the atmospheric
response to nonthermal beams is slow, the Ho emission
therefore showing a delay. This can be supported by
numerically solving the radiative transfer equations for the
lower atmosphere in response to nonthermal electron pre-
cipitation (M. D. Ding et al. 2000, in preparation). Accord-
ing to the morphology of the two footpoints, it is very likely
that the footpoint that produces HXR correlated Ho emis-
sion is a compact source allowing persistent precipitation

Fic. 5—Sketch of the magnetic configuration of the flare illustrating multiple magnetic “ threads ” connecting the two footpoints K1 and K2. The image
shows the Ha — 1.3 A filtergram at 18:35:27 UT, and the dark solid lines indicate the magnetic inversion lines.
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and heating during the early phase of the flare, while the
footpoint lacking Ho emission is a diffuse source with non-
thermal electrons scattered in a more extended area, so that
the average temperature of the atmosphere is low. Such a
scenario indicates that the magnetic loop connecting the
two footpoints consists of fine magnetic “threads” whose
ends are concentrated in one kernel and scattered in the
other kernel.
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