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Abstract. The flare of 22 December 1999 was observed in the Hα line using the imaging spec-
trograph in the solar tower of Nanjing University. We present a new technique different from the
classical cloud model to fit the Hα line profile which avoids using the background profile. We
obtain the four parameters of the flare chromosphere: the source function, the optical thickness at
line center, the line-of-sight velocity and the Doppler width. The observed asymmetry profiles have
been reproduced well by the theoretical ones based on our model. A discussion is made about the
reliability of the results we have obtained using the present method.

1. Introduction

Analysis of contrast profiles is a useful way for the determination of physical
parameters in solar chromospheric structures. The method most frequently used,
known as the classical cloud model, was proposed by Beckers (1964), which al-
lows a simultaneous determination of four parameters: the line source function, the
optical thickness at line center, the line-of-sight velocity and the Doppler width.
This method succeeds in inverting line profiles in chromospheric structures (Alis-
sandrakis, Tsiropoula, and Mein, 1990; Tsiropoula, Alissandrakis, and Schmieder,
1993; Tsiropoula and Schmieder, 1997). However, it is only effective for dark
features on the disk, such as dark mottles of a chromospheric rosette region (e.g.,
Tsiropoula, Alissandrakis, and Schmieder, 1993; Tsiropoula and Schmieder, 1997;
Tsiropoula, Madi, and Schmieder, 1999), superpenumbral fibrils and arch filament
sytems (e.g., Alissandrakis, Tsiropoula, and Mein, 1990; Mein et al., 1996). The
heights of these structures above the chromospheric base play a decisive role in
shaping the observed profiles. The method of differential cloud models was pro-
posed by Mein and Mein (1988), which takes into account the fluctuations of the
chromospheric background in active regions and velocity shears inside the cloud,
but it can only be applied to dark clouds in order to avoid singularities and eliminate
spurious solutions. The method of multi-cloud model has been used to analyze the
spectra of limb features, such as post-flare loops (e.g., Gu et al., 1997); however,
this method may lead to meaningless solutions for flare ribbons on the disk. In
cases of bright features, the radiative and collisional damping effect may play
an important role in the formation of the Hα line. Hence, the Voigt profile is
more realistic than a gaussian profile in the cloud model. Tsiropoula, Madi, and
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Schmieder (1999) approximated the Voigt profile by the sum of a Doppler core
and Lorentzian damping wings and considered the variation of the source function
with optical thickness. In this method, the theoretical profile has a singularity in
Lorentzian damping wings (where the denominator equals zero) which causes a
poor fit if assuming a constant source function. Some authors have investigated the
variations of the source function with the opacity of the structures (Mein et al.,
1996; Paletou, 1997), and the cloud model is extended to cases of non-constant
source functions (Zhang et al., 1987; Mein et al., 1996; Tsiropoula, Madi, and
Schmieder, 1999). However, the adoption of a non-constant source function yields
only little improvement in the case of a low opacity. Note also that the Hα source
function is sensitive to larger macroscopic velocities of the order of a few tens
of km s−1, but this effect is less important for high electron densities where the
collisional excitation plays a significant role (Heinzel, Mein, and Mein, 1999). Here
we still use a constant source function to analyze the line spectra. In this sense, the
value of the source function that we obtain reflects a mean value averaged over a
specific region.

Concerning solar flares, the most obvious signature of Hα line profiles is the
red asymmetry, which has been interpreted as a consequence of downflows related
to the chromospheric condensation (e.g., Ichimoto and Kurokawa, 1984; Canfield
et al., 1987; Gan and Fang, 1990; Ding, Fang, and Huang, 1995; Cauzzi et al.,
1996). In this work we pay special attention to the origin of the line asymmetry
and present a new method to analyze the Hα profiles in a flaring region. This
method avoids using a background profile which is usually hard to determine. Two-
dimensional parameters are deduced, based on the 2D spectra of the flaring region.
The results are useful for a better understanding of the flare dynamics.

2. Observations and Data Reduction

Using a CCD imaging spectrograph installed in the solar tower of Nanjing Univer-
sity (Huang et al., 1995; Ding, Fang, and Huang, 1995), we have obtained a time
series of two-dimensional Hα spectra of a flare in the active region NOAA 8807
located at N10 E30 on 22 December 1999. The observing time is from 02:10:00 UT
to 02:37:13 UT. The flare began at 01:50 UT, ended at 02:32 UT, reaching its
maximum at 02:16 UT. According to the Solar Geophysical Data, it was an event
with Hα importance 2B and soft X-ray class M1.8. The pixel size is 0.85′′ along the
slit of the spectrograph, and 2.00′′ in the scan direction. Each line profile contains
200 points, spanning about 10 Å in wavelength. The field of view for each scan is
128′′ × 100′′.

The data reduction includes dark current subtraction and flat field correction
for the CCD camera. The drift of images at different time is also corrected using a
cross-correlation procedure. The center of the Hα line is determined from the mean
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undisturbed profile near the flaring region by adopting a technique of gaussian
fitting.

3. Method of Spectral Analysis

The classical cloud model adopts a mean profile over the quiet chromosphere as
the background profile. However, for flares it is not feasible because of the large
fluctuations in the active-region background. Here we present a technique avoiding
the use of a background profile. In the cloud model, the line intensity is given by

I (�λ) = I0(�λ)e−τ (�λ) + S0[1 − e−τ (�λ)] , (1)

where the source function S0 is assumed to be constant and frequency independent,
I0(�λ) is the background intensity. The optical thickness is expressed as

τ(�λ) = τ0H(a, x) , (2)

where H(a, x) is the Voigt profile, given by

H(a, x) = a

π

+∞∫

−∞

e−y2

a2 + (x − y)2
dy , (3)

where

x = �λ − �λI

�λD

, (4)

a = �λ2
0

4πc�λD

. (5)

In the above equations, � is the damping constant (this parameter has no essential
impact on the other parameters to be fitted, thus in the computations � is fixed to be
a value of 5 × 109 s−1, considering both the radiative damping and the collisional
broadening). The four unknown parameters are the source function, S0, the optical
thickness at line center, τ0, the Doppler shift, �λI and the Doppler width, �λD,
which are all assumed to be constant throughout the perturbed layer.

Below the perturbed layer, the Hα line profile is assumed to be symmetric,
namely,

I0(�λ) = I0(−�λ) . (6)

Thus we can obtain

I (−�λ) = I0(�λ)e−τ (−�λ) + S0[1 − e−τ (−�λ)] . (7)

Subtraction of I (−�λ) from I (�λ) leads to an asymmetry profile,
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�I(�λ) = I (�λ) − I (−�λ) = [I0(�λ) − S0][e−τ (�λ) − e−τ (−�λ)] . (8)

From Equation (1) and Equation (8) we can eliminate the background profile I0(�λ),
namely,

A(�λ) ≡ �I(�λ) = [I (�λ) − S0][1 − eτ(�λ)−τ (−�λ)] . (9)

Using the above formulae, we have tried to fit the observed asymmetry profile
by utilizing an iterative least square procedure of the Levenberg–Marquardt method
for nonlinear functions. To check the validity of this method, we have constructed
theoretical asymmetry profiles by choosing different sets of the four parameters,
which can in most cases be recovered using this method. The initial values of the
parameters for the iteration are taken in the following way: the intensity near the
Hα continuum for the source function, one for the optical thickness at line center,
1 Å for the Doppler shift, and 0.4 Å for the Doppler width. It should be emphasized
that the computation converges rapidly and varying the initial values has almost no
influence on the finally converged data.

4. Results and Discussion

We apply the method described above to the 2D Hα line profiles observed. The
profiles in the flare ribbon show conspicuous red asymmetries, while the line cen-
ter is nearly not shifted. Figure 1 plots a typical line profile with red asymmetry,
along with the asymmetry profile defined by Equation (9). We select a wavelength
window with a reasonable range to eliminate the influence of other spectral lines.
The asymmetry profiles from observations can be well fitted based on our method.
When the asymmetry diminishes with time, the method should be used with cau-
tion, because the asymmetry profile could become very flat, namely, A(�λ) ap-
proaches 0, which will induce poor convergence and meaningless solutions. In our
work, we selected 6 frames of 2D spectral data for study (see Figure 2 for the
corresponding monochromatic images reconstructed from the spectral data). The
four parameters of the flare at 02:09:53 UT are displayed as contour maps in Fig-
ure 3. Generally speaking, the behavior of the four parameters is similar, namely,
the values are smaller at the edges of the flare ribbons, while enhanced gradually
towards the kernels. This result is reasonable. Figure 3(c) illustrates a downward
motion with a mean velocity of about 47 km s−1, which is in good agreement with
the result of Ichimoto and Kurokawa (1984). A change of the velocity over the
flaring region is distinguishable but not very conspicuous. This may in part be due
to a relatively low spatial resolution in observations.

The temporal evolution of the four parameters averaged over the ten brightest
pixels in each kernel (i.e., those within each small box in Figure 2) are shown in
Figure 4. Note that in the present time series of observations, the flare arrived at
its maximum at 02:15:47 UT (354 s in Figure 4 after the time for the first image).
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Figure 1. (a) A typical Hα line profile with red asymmetry in the flaring region. (b) Comparison
between the asymmetry profile observed (solid line) and the fitted one (dotted line). The intensity is
normalized to the continuum near the Hα line.

Figure 2. Monochromatic images of the flare at Hα line center reconstructed from the 2D spec-
tral data. From upper left to lower right, the time corresponding to each image is 02:09:53 UT,
02:11:11 UT, 02:14:03 UT, 02:15:47 UT, 02:17:04 UT, and 02:19:23 UT. The field of view of each
image is 118′′×100′′. The parameters averaged over the ten brightest pixels in the two boxes, marked
as A and B, are plotted in Figure 4.

Examining Figure 4, we can obtain the following results: (1) The downward motion
abruptly increases at the onset of the flare, and peaks before the maximum of the
flare, then it decreases gradually and remains fairly large in the later phase, which is
in agreement with the result of Ichimoto and Kurokawa (1984). (2) The variations
of the four parameters are roughly similar in the boxes A and B, though there is
a quantitative difference, implying that the two kernels may be heated by a same
mechanism. (3) There is a similar evolution trend for the source function and the
Doppler width. At the onset of the flare the source function and the Doppler width
attain their maximum, then they decrease with time. The result is reasonable, since
at the onset of the flare a strong electron beam impinges on the flare atmosphere
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Figure 3. Contours of the four parameters in the flaring region at 02:09:53 UT derived with our
method: (a) source function with levels of (0.4, 0.6, 0.8, 1.0) ×Icontinuum; (b) optical thickness with
levels of (0.15, 0.25, 0.35, 0.45); (c) downward velocity with levels of (25, 35, 45, 55) km s−1;
(d) Doppler width with levels of (0.25, 0.35, 0.45, 0.55) Å.

and enhances the source function and the Doppler width; the values of these two
parameters should be reduced when electron beam weakens or diminishes. Many
authors have pointed out that the source function and the Doppler width should de-
pend on each other (Durrant, 1975; Steinitz, Gebbie, and Bar, 1977; Cram, 1986).
Our results do support such a conclusion.

Figures 4(a) and 4(b) illustrate a rough proportional relation between the source
function and the optical thickness at line center, which was also mentioned by
other authors (e.g., Heinzel, Mein, and Mein, 1999). This is also reflected from Fig-
ures 3(a) and 3(b), namely, the source function increases with the optical thickness.
Many authors have pointed out an anticorrelation between the optical thickness at
line center and the Doppler width for solar features other than flares (Alissandrakis,
Tsiropoula, and Mein, 1990; Tsiropoula and Schmieder, 1997). From the intrinsic
factor, the absorption coefficient is

a(�λ) = π1/2e2λ2fH(a, x)

mec2�λD

n2 , (10)

where f = 0.641 is the oscillator strength for Hα. Thus the optical depth at line
center is given by
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Figure 4. Temporal variation of the four parameters averaged over the ten brightest pixels in each
fixed box, A (+) and B (♦) after 02:09:53 UT: (a) source function (in units of Icontinuum); (b) optical
thickness; (c) downward velocity; (d) Doppler width.

τ0 = a(0)d ∼ n2d

�λD

, (11)

where n2 is the number density in the second level of hydrogen and d is the
geometrical thickness of the structure along the line of sight. If the value of n2d

does not vary appreciably, there should exist an anticorrelation between τ0 and
�λD. However, in the case of solar flares, the value of n2 is greatly enhanced
because of the non-thermal excitation of the hydrogen atoms caused by precipitat-
ing high-energy electrons. The value of d could also suffer a pronounced change,
because the condensation is confined in a narrow layer when it is initially formed
(e.g., Fisher, Canfield, and McClymont, 1985), but dissipates gradually during its
downward propagation. Therefore, it is conceivable that the optical thickness is
proportional to the Doppler width in the case of solar flares.

Finally, we should make a comment on the asymmetry of the observed profile
which is of great significance in our method. Many authors have interpreted the red
asymmetry as a consequence of the chromospheric condensation (e.g., Ichimoto
and Kurokawa, 1984; Canfield et al., 1987; Gan and Fang, 1990; Ding, Fang, and
Huang, 1995; Cauzzi et al., 1996), which originates primarily at the top of the
chromosphere and propagates downward. However, the asymmetry only occurs
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Figure 5. Comparison of the mean undisturbed profile near the flaring region (solid line), the typical
observed profile with red asymmetry (dashed line), and the intensity profile irradiating the perturbed
layer from below (dotted line). Line intensity is in units of Icontinuum.

at the line wings and there is nearly no shift at the line center, which has been
frequently argued (e.g., Fang et al., 1992; Ding, Fang, and Huang, 1995). We have
got the same feature of the asymmetry in our observations (Figure 1(a)), which
produces zero-values of the asymmetry profile at the central part (Figure 1(b)).
A possible explanation is that the Doppler shift in the downward moving region
is much larger than the Doppler width, so that the red-shifted emission lies away
from the line center, which causes a red asymmetry but no significant shift of line
center.

To understand the above point more clearly, we plot in Figure 5 the mean
undisturbed profile near the flaring region (served as a reference for the preflare
profile), the typical observed profile with red asymmetry in Figure 1(a), and the
intensity profile irradiating the perturbed layer from below, I0(�λ). The last one is
reproduced from Equation (1) using the four parameters derived with our method.
Just as assumed in Section 3, I0(�λ) is symmetric (note that when fitting the
asymmetry profile, A(�λ), we select a wavelength window which excludes the
weak absorption lines in the Hα wing; while the profile of I0(�λ) is recovered
using an extended wavelength window as plotted in Figure 5). It is interesting
that this profile already reveals a fairly large extent of emission compared to the
undisturbed profile. This means that although we have paid special attention to
the perturbed layer with a significant downflow, i.e., the chromospheric conden-
sation, the atmosphere below it may also be heated substantially through various
ways, which is consistent with the flare dynamical model (Fisher, Canfield, and
McClymont, 1985). The heating includes bombardment by high energy particles,
irradiation by EUV and soft X-rays, and possibly radiative backwarming by the
condensation (Gan and Mauas, 1994). The most important fact seen from Figure 5
which can support our point is that the observed profile in the flaring region shows
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an obvious excess emission in the red wing, compared to the profile just below the
condensation; however, the two profiles are nearly identical in the line center and
the blue wing.

5. Conclusion

We have presented a new method to derive the physical parameters of the chro-
mospheric flare and applied it to the spectral data of a flare observed on 22 De-
cember 1999 with the CCD imaging spectrograph installed in the solar tower of
Nanjing University. The Hα line profiles in the flaring region show significant
red asymmetries, which are related to chromospheric downflows of several tens
of km s−1. This method can also be applied to other chromospheric structures as
long as the profiles are asymmetric.

Recently, it has been discovered that a downflow, driven by electron beam heat-
ing with return current, can produce a blue asymmetry of the Hα line (Heinzel
et al., 1994). Ding and Fang (1997) have also demonstrated that the downflow,
when confined to the upper chromosphere, sometimes produces the blue asymme-
try. Therefore, an upflow under a specific condition can possibly generate a red
asymmetry in the Hα line. It is thus necessary to test whether the code leads to
a unique solution. We have tested various initial values in which the line source
function can be larger or smaller than the continuum intensity, and found that all the
cases converge to almost the same result. The source function we finally obtain is
greater than I0(�λ) near the line core, which implies a property of excess emission
in the red wing produced by the downward-moving condensation.
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