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ABSTRACT

We have obtained a time series of two-dimensional spectra of Ha and Caii l8542 for a flare on 2001 March
10. This flare showed an enhanced emission at the continuum near the Caii 8542 Å line. The continuum contrast
is estimated to be 3%–5%. This emission lasted about half a minute, showing a good time correlation with the
peak of the microwave radio flux at 7.58 GHz. The flare can be classified as a type I white-light flare. A
preliminary analysis shows that a nonthermal electron beam cannot directly produce the continuum emission.
Heating in the lower atmosphere resulting from the radiative backwarming may account for the continuum
enhancement.

Subject headings: Sun: flares — Sun: infrared

1. INTRODUCTION

Solar white-light flares (WLFs) are among the most energetic
flaring events and have attracted much attention in astrophysics.
They can produce strong emissions in a broad spectral range,
from g-ray to radio wavelengths. During the occurrence of a
WLF, the solar atmosphere and even the interplanetary space
may be disturbed. The study of WLFs is thus of special interest
in understanding the mechanism of flares and flarelike phe-
nomena in the universe.

It is proposed that there exist two types of WLFs (Machado
et al. 1986). Fang & Ding (1995) studied the differing char-
acteristics between them from the aspect of observations and
atmospheric models. In the case of type I WLFs, there exists
a good time correlation between the peak of hard X-rays or
microwave radio burst and the maximum of continuum emis-
sion; there is a strong Balmer jump in the spectra; the Balmer
lines, in particular the Ha line, are strong and broad and usually
exhibit a pronounced central reversal. However, type II WLFs
do not show the above features. These two types of WLFs
show a difference in the energy release and transport processes
(see, e.g., Ding et al. 1994; Fang & Ding 1995). Further in-
vestigations are required to clarify this point.

However, WLFs are rare events. The occurrence rate of
WLFs depends on the heliocentric angle of the flaring region,
and whether WLFs can be detected relies on the observing
wavelength (He´noux et al. 1990; Neidig, Wiborg, & Gilliam
1993; Ding & Fang 1996). In most cases, enhanced continuum
emissions are detected at the Balmer and Paschen continuum.
Continuum emission at far-infrared wavelengths (1mm–1 mm)
produced by synchrotron radiation or nonthermal bremsstrah-
lung is proposed to exist in solar flares (Ohki & Hudson 1975);
Hudson (1975) further suggested some observational tech-
niques to verify it. However, very few observations were car-
ried out later. Spectra at near-infrared wavelengths are relatively
easier to observe. Continuum emission in such spectra still
originates from the recombination of hydrogen atoms and the
emission of negative hydrogen ions (H�).

In solar cycle 23, we made systematic observations of solar
flares at two wavelength bands around the Ha and Ca ii
8542 Ålines, using the imaging spectrograph in the solar tower
of Nanjing University (Huang et al. 1995). We detected an
enhanced emission at the continuum near the Caii 8542 Åline
in the flare of 2001 March 10. Continuum emission in such an
infrared spectral region was first reported by Neidig & Wiborg

(1984). However, it has been largely neglected in later flare
observations. In this Letter, we present a preliminary analysis
of the spectral data and discuss the possible cause of the con-
tinuum emission.

2. OBSERVATIONS AND DATA REDUCTION

The flare of 2001 March 10 is located in the active region
NOAA 9368 (N27�, W42�, ). According to Solarm p 0.63
Geophysical Data, it is an event with soft X-ray/Ha importance
M6.7/1B. The flare began at 04:00 UT and ended at 04:07 UT,
peaking at 04:05 UT.

Using a scanning technique (Huang et al. 1995), we have
obtained a time series of two-dimensional spectra of Ha and
Ca ii l8542. We repeated 28 scans over the flaring region from
03:23:27 UT to 04:12:08 UT. The time interval between two
successive scans is about 15 s. Each scan yielded the spectral
data of the two lines simultaneously. There exist 160 pixels
with a pixel size of 0�.85 along the slit and 50 pixels with a
spacing of 2� in the scan direction. The field of view for each
scan is thus . The spectrum spans 200 wavelength′′ ′′136 # 100
points with a spectral resolution of 0.05 and 0.118 A˚ pixel�1

for the Ha and Caii 8542 Ålines, respectively. The wavelength
window for the Caii 8542 Å line extends to the nearby con-
tinuum (about�11.5 Å), but this is not the case for Ha.
Therefore, we could identify this flare as a WLF using the
continuum emission near the Caii 8542 Å line as a proxy of
optical emission.

In data reduction, the dark current is subtracted and the flat
field is corrected for the CCD cameras. The drift of images at
different times is also corrected by co-aligning the sunspot
locations in those images. Figure 1 displays the monochromatic
images of Ha and Ca ii l8542 reproduced from the two-
dimensional spectra. In the far wings of the two lines, the flare
is still visible. To our surprise, there exists a bright kernel in
the image at the continuum near the Caii 8542 Å line
( Å). The line emission of Caii l8542 is alsoDl p �10.9
enhanced in this flare.

3. DATA ANALYSIS AND RESULTS

WLFs are characterized as the flaring events with enhanced
emission at visible continua. Apparently, it is much more
difficult to produce enhanced emission at the infrared con-
tinuum. Based on the above observational results, we propose
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Fig. 1.—Monochromatic images of Ha (upper panels) and Caii l8542
(lower panels) reconstructed from the two-dimensional spectra at 04:03:36 UT.
From left to right, upper panels correspond to images at , 0, andDl p �4
4 Å from the center of the Ha line, while lower panels correspond to those
at , 0, and 10.9 A˚ from the center of the Caii 8542 Å line. TheDl p �10.9
field of view is . The two bars marked in the lower left image are′′ ′′80 # 80
used to show the spatial variation in Fig. 2. The arrows show the orientation
in terrestrial coordinates.

Fig. 2.—Variations of the continuum contrast near the Caii 8542 Å line
along the horizontal bar (solid line) and along the vertical bar (dotted line).
The two bars are shown in Fig. 1. The dashed line indicates the location of
the cross center of the two bars.

that this flare might be a WLF. To make a further confir-
mation, we delineate a cross in Figure 1 to investigate the
spatial variations of the continuum emission along the two
bars. The results are displayed in Figure 2. The contrast is
defined as , where is the continuum inten-0 0C p (I � I )/I Ic c c c

sity at Å from the line center of Caii l8542Dl p �10.9
for the spatial points along the two bars and is the contin-0Ic

uum intensity averaged over the four ends of the bars, which
are located in the quiet region. The quantity is thus regarded0Ic

as a background continuum intensity. From Figures 1 and 2,
we can see that the contrast is depressed in the sunspot region
and rises in the flaring area. As , the limb-darkeningm p 0.63
effect (Pierce & Slaughter 1977a, 1977b) between different
spatial points in the window should be considered. This effect
is noticed by checking the different contrasts at the two ends
of the horizontal bar. However, the contrast at the flare kernel
(the center of the cross) obviously exceeds the values at the
four ends. The flare can thus be confirmed as a WLF. The
highest contrast is estimated to be 3%–5%, taking into account
calibration uncertainties.

On the other hand, the Ha line within the active region is
very strong and broad, showing a pronounced central reversal.
The Caii 8542 Åline also shows an extremely strong emission
in its core. This phenomenon is interesting, as it implies an
appreciable heating in the chromosphere preferentially by en-
ergetic electrons (Canfield, Gunkler, & Ricchiazzi 1984).

We have further analyzed the line profiles at the flare kernel
and studied the temporal evolution of some characteristic pa-
rameters. Figure 3 shows the time profile of the radio burst
flux at 7.58 GHz observed by the Broadband Radio Spec-
trometer of Beijing Astronomical Observatory (Fu et al.
2000). Also displayed are time variations of the intensities at
line centers, the full widths at half-maximum of the net emis-
sion profiles (with the quiet component subtracted), the line-
of-sight velocities (positive values for downward mass motion
and negative ones for upward motion), and the continuum
contrast near the Caii 8542 Å line. All of these parameters
are obtained by averaging nine adjacent points within a spe-
cific area in the flare kernel. We extract the line-of-sight ve-
locity by using a line-wing bisector method (Ichimoto &
Kurokawa 1984; Ding, Fang, & Huang 1995), based on the
asymmetries of the two lines.

From Figure 3, we find that the peak of the radio flux tem-
porally coincides with the first peak of the line-center intensities
and with the maximum of other parameters; the enhanced con-
tinuum emission mainly appeared in the impulsive phase and
lasted about 30 s in the present time resolution; the net emission
profile of Ha is very broad, with its full width at half-maximum
of more than 7 A˚ . Such a profile is hence substantially wider
than the theoretical profiles computed for some electron-
beam–heated model atmospheres (Canfield & Gayley 1987).
As the broadening of line wings is mainly due to the Stark
effect, this excessive width needs a rather higher ambient elec-
tron density, which can probably result from the nonthermal
ionization of hydrogen atoms due to the precipitating electron
beam. This point is confirmed by the coincidence of the line
width and the radio flux. The electron density should be well
above 1013 cm�3, as judged from the non-LTE computations
for the Ha line (Fang, He´noux, & Gan 1993). (We cannot give
a more accurate value because of the lack of high-series Balmer
lines.) The result also implies that the continuum emission is
related to nonthermal electron bombardment. In addition, the
line-of-sight velocity of downward mass motion attains a con-
siderable value, i.e., about 30 km s�1 for Ha and about 20
km s�1 for Ca ii l8542. This may correspond to the dynamic
evolution of a chromospheric condensation.

Figure 3 also indicates that there are two peaks in the time
profile of the Ha line-center intensity with a time interval of
about 1 minute. The first peak is relatively weak and may be
related to the nonthermal electron precipitation in the impulsive
phase, while the second may be caused by thermal effects
including heat conduction and irradiation by EUV and soft
X-rays in the later phase. It is seen that the downward ve-
locity peaks in the impulsive phase, which is also a typical
feature of ordinary flares (see, e.g., Ichimoto & Kurokawa
1984; Liu & Ding 2001). This dynamic feature may be asso-
ciated with the explosive heating in the chromosphere by non-
thermal electrons (Fisher, Canfield, & McClymont 1985; Neidig
et al. 1993).
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Fig. 3.—Temporal variations of the radio burst flux at 7.58 GHz, the in-
tensities at line centers, the full widths at half-maximum of the net emission
profile, the line-of-sight velocities, and the continuum contrasts. The radio flux
and line intensities are in arbitrary units. The dashed line indicates the peak
time of the radio burst.

4. DISCUSSION

On the basis of the above results, the flare might be cat-
egorized as a type I WLF, and nonthermal electron bom-
bardment is a probable energy source for the continuum
emission. To check the latter point, we perform non-LTE
computations with various input parameters of electron
beams. The results, however, show that a nonthermal elec-
tron beam cannot produce the expected continuum emission
directly. The reason is that the continuum emission near the
Caii 8542 Åline is formed mainly in the photosphere, where
the electrons cannot penetrate. He´noux et al. (1990) have
checked the role of nonthermal ionization in WLFs. They
found that the contrast is negative for almost all wavelengths
longward of the Paschen discontinuity. Nonthermal ioni-
zation of hydrogen by electron precipitation results in an
increase of the electron density, which yields two conse-
quences: an enhanced hydrogen recombination rate and an
enhanced H� opacity (Aboudarham & He´noux 1987). From
the radiative transfer equation, the emergent continuum in-

tensity depends on which consequence dominates. At the
Brackett continuum, the effect of the enhanced H� opacity
seems more dominant, which reduces the continuum inten-
sity to some extent.

To fully account for the increased continuum emission,
there should be a temperature rise in the lower atmosphere
(the photosphere and the temperature minimum region).
Therefore, there must exist a heating mechanism responsible
for it. We think that the most probable mechanism is radi-
ative backwarming (see, e.g., Machado, Emslie, & Avrett
1989). An electron beam precipitates into the chromosphere
in the impulsive phase, producing an enhanced emission
through nonthermal excitation and ionization; the photo-
sphere and the temperature minimum region absorb the ra-
diation from the chromosphere, which then induces a tem-
perature rise there. The latter process needs a timescale of
15–25 s (He´noux et al. 1990), which is comparable to the
time resolution of the observations. So the near simultaneity
of the peak of the continuum emission and that of the radio
flux shown in Figure 3 does not exclude this possibility.
Another possibility is that the continuum emission might be
due to localized heating by in situ reconnection of magnetic
fields or other MHD processes in the photosphere (see, e.g.,
Ding, Fang, & Yun 1999). However, if this is the case,
reconnection and energy release should occur in both upper
and lower layers, whose triggering processes are closely
related.

Since in the present case the electron density in the chro-
mosphere is considered to be rather high, there is a possi-
bility that the merging of high-series Paschen lines may
produce a pseudocontinuum emission that is overlapped on
the Brackett continuum. This effect is worth further study.
However, near the 8542 A˚ line, the separation of Paschen
lines is larger than, say, 40 A˚ . Therefore, although the con-
tribution of this merging effect to the continuum enhance-
ment cannot be completely ruled out, it is supposed to be
small. Anyway, the emission mechanism still remains an
open problem and needs to be investigated further.

5. CONCLUSION

We have presented a preliminary analysis of multiline two-
dimensional spectra for a flare of 2001 March 10. During the
flare, we have detected an enhanced continuum emission near
the Ca ii 8542 Å line that lasted about half a minute. The
highest contrast is estimated to be 3%–5%. This finding is
helpful for understanding the flare mechanism and provides a
powerful tool to diagnose the flare process.

Within the active region, the Ha line is very strong and
broad, manifesting a pronounced central reversal. The Caii
8542 Å line also yields an extremely strong emission in the
line core. The evolution of the flare shows a good time cor-
relation between the peak of the continuum emission and the
maximum of the radio flux at 7.58 GHz. These facts suggest
that the flare may be classified as a type I WLF.

Through non-LTE calculations, we find that a nonthermal
electron beam might not be directly responsible for the con-
tinuum emission near the Caii 8542 Å line. Previous works
also confirmed this point (e.g., He´noux et al. 1990). Instead,
we suggest that the indirect heating of the lower atmosphere,
i.e., by absorption of the enhanced radiation from the chro-
mosphere, can result in a temperature rise and produce the
observed continuum emission. An in situ heating source in the
lower atmosphere can also explain the continuum enhancement.
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The trigger of this source should be closely related to the flaring
process in upper layers. In a future work, we will study the
details of the flare morphology and make quantitative calcu-
lations to get a consistent picture for this flare.
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