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Diagnostics of non-thermal processes in chromospheric flares

IV. Limb flare spectra for an atmosphere bombarded by an electron beam
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Abstract. Hα, Lyα, Lyβ, CaII K andλ8542 Å line profiles
have been computed for limb flares with height distributions of
temperatures as given by the semi-empirical models F1 and F2,
by including the non-thermal collisional excitation and ioniza-
tion of hydrogen and of ionized calcium that results from elec-
tron bombardment. In agreement with observations, the com-
puted profiles of the hydrogen lines are very broad, especially
at the height where the source function reaches its maximum.
Non-thermal effects are less pronounced for CaII lines.
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1. Introduction

It is well known that in the impulsive phase of solar flares,
the Balmer lines are very broad, while the metal lines remain
extremely narrow (̌Svestka 1976). However, in limb flare spec-
tra the already rather broad profiles of the hydrogen lines still
broaden (e.g. Graeter & Kucera 1992; Ding et al. 1999). More-
over, metal lines lose their sharp and narrow characters and,
in some cases, their width becomes comparable to that of the
high Balmer lines (̌Svestka 1976). In this case, if one compares
the widths of lines from two elements of very different atomic
weights, unacceptable high values of the temperature and of the
micro-turbulence velocity are obtained (e.g. Jefferies & Orral
1961; Švestka 1965). Recently an unusually broad profile of
the HeIλ10830 line was observed by You et al. (1998) in a
large limb flare. This behaviour could be interpreted neither by
a Doppler broadening mechanism, nor by a pure Stark effect,
that would imply an unacceptable high electron density (You &
Oertel 1992). Here we give a new example (Ding et al. 1999).
Fig. 1 shows an Hα image of a limb flare that occurred on 11
November, 1998. The flare is a small one (SF/C3.2) that was
observed with an imaging spectrograph at the solar tower of
Nanjing University (Huang et al. 1995). Fig. 2 gives the line
profiles of the Hα and CaII 8542 lines, which were observed
simultaneously before the Hα maximum. It can be seen that,
even for this small flare, the line profiles are extremely broad.
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Fig. 1. Monochromatic image at Hα line center of a limb flare at
02:14:38 UT. The field of view is60′′ × 60′′. North is up, east is
to the left

The widths at half-peak intensity of the Hα and CaII 8542 lines
are about 6̊A and 1.6Å, respectively. By using these values and
assuming a Doppler broadening, a temperature as high as 1.6
× 106 K and a micro-turbulence velocity of 21 km s−1 would
be obtained. Obviously, this is not reasonable. Thus, how the
extreme broadening of the line profiles observed in limb flare
spectra can be explained is an interesting problem worth study-
ing in detail.

By considering the effect of non-thermal collisional excita-
tion and ionization of hydrogen and CaII, by an electron beam,
we have shown that the hydrogen lines in the spectra of disk
flares are greatly strengthened and broadened, while the result-
ing broadening is weaker for the CaII K line (Fang et al. 1993;
Hénoux et al. 1995, hereafter referred to as Paper I and II, re-
spectively).
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It is worth computing for limb flares the hydrogen and CaII
line spectra, including the effect of non-thermal collisional ex-
citation and ionization, in order to learn how these processes
contribute to the line broadening observed in limb flares spec-
tra. We follow the theory and the method given in Papers I and
II, and show non-thermal line profiles, computed for a limb flare
atmosphere bombarded by an electron beam. The methodology
is given in Sect. 2. The main results are shown in Sect. 3 and
followed by a discussion and conclusion in Sect. 4.

2. Methodology

A four–levels plus continuum atomic model of hydrogen was
used. Following the theory given in Paper I and II, to a good
approximation, for an electron beam bombardment, the non-
thermal collisional excitation and ionization rates of hydrogen
from its ground level can be obtained as
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The non-thermal collisional excitation and ionization rates
of CaII, as given in Paper I, can be expressed as
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wheren1 is the ground level population.dEH/dt is the rate of
energy deposit due to the excitation and ionization of hydrogen
by an electron beam. The excitation and ionization from the
higher levels are negligible. Neglecting return current effects in
a dense atmosphere, the energy deposit rate is given by (Emslie
1978; Chambe & H́enoux 1979)
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wherex is the ionization degree. The particle flux is supposed
to be proportional toE−δ, with a low cut-off energyE1. F1
is the total energy input flux aboveE1. The meaning of other
physical quantities can be found in the relavant references.

In most empirical flare models, the chromospheric flare is
located at heights lower than the top of the chromosphere (∼
2000 km) in the quiet-Sun model VAL-C given by Vernazza et
al. (1981). If this property was valid for all flares, one would
actually not see any stucture above the solar limb and no any
limb flares. This is not the case, since limb flares are observed.

Fig. 2. Line profiles of the Hα (solid lines) and Caii λ8542 (dashed
lines) lines at 02:14:18 UT. Each panel has a one to one correspondence
to each small square shown in Fig. 1

Thus, in order to compute the profile of chromospheric lines in
limb flares, we need a specific empirical model. Unfortunately
no such model exists. Therefore, in this paper, the temperature
distribution in the flaring atmosphere has been represented by
the semi-empirical flare models F1 and F2 given by Machado et
al. (1980). In these models, a plan parallel atmosphere has been
used. Indeed we cannot, in such conditions, study in a satisfac-
tory way the height dependance of the line profiles. However,
this approach allows us to explore the role of the non-thermal
effects of particle beams in the line profiles of limb flares. The
heights given in the figures may not be correct; however, they
correspond to specific values of density and temperature. The
comparison between observed and computed profiles could al-
low us to estimate the height variation of the density and tem-
perature for a given limb flare. We shall not go so far as to limit
ourself to the demonstration that additional effects, due to non-
thermal processes are required in order to explain the significant
width of the observed line profiles.

The numerical code we used is similar to the one presented
in Papers I and II. That is, the non-thermal rates have been
included in the statistical equilibrium equations; the statistical
equilibrium equations and the transfer equations for hydrogen
and CaII, coupled with the hydrostatic equilibrium and the par-
ticle conservation equations, have been solved iteratively. One
hundred frequency-points have been used for each line con-
cerned. Five broadening mechanisms, i.e. Doppler broadening,
radiative damping, Van de Waals forces, linear and quadratic
Stark effects, have been included in the calculation of the line
profiles. The assumption of complete frequency redistribution
was adopted for simplicity. This does not have a significant influ-
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Fig. 3. Hα line profiles for the models F1 (left panel) and F2 (right
panel), with (lower panel) and without (upper panel) non-thermal ef-
fects included. Line profiles for a flare at the center of the solar disk
(full line) and at the limb at heights of 1300 km (dashed line) and 1040
km (dotted line), for the F1 model, and 1180 km (dashed line) and 1140
km (dotted line), for the F2 model, are shown respectively. A Gaussian
macroturbulence velocity of 25 km s−1 has been adopted to convolve
the line profiles

ence on the line wing intensities, where the non-thermal effects
are the most pronounced. Using the flare atmospheric models
F1 and F2, we computed the source functionSλ and the opacity
χλ at different heights of the atmosphere. Assuming that, for a
limb flare, the horizontal distributions of the source function are
constant for a given height, we can compute the line profiles at
different heights by using

Iλ = Sλ(1 − e−τλ), (4)

whereτλ = χλD. D is the thickness of the flare along the line-
of-sight andχλ is the absorption coefficient per unit length. We
takeD = 3000 km as typical for all the models. The value of
D does not influence greatly the final results. The calculations
have been made for an electron beam with an initial total energy
flux F1 = 5 1011 ergs cm−2 s−1 and with a power indexδ equal
to 4, which are typical values for flares. The low cut-off energy
E1 was chosen to be 20 keV; the origin of the electron beam was
taken at the top of the chromosphere, where the column mass
M0 = 0. In the upper and middle chromosphere, where the lines
are formed, the mean hydrogen ionization degreex ' 0.5 and
Λ′ ' 9 for an electron beam with an energy of several tens of
keV. Soβ ' 2 andγ ' 15 were adopted.

Fig. 4. Lyα and Lyβ line profiles for the model F1. “Thermal” line
profiles are shown in the upper panel, while “non-thermal” profiles are
presented in the lower panel. The line profiles at the center of the solar
disk are drawn in full lines, while that for a limb flare at heights of 1530
km and 1300 km are shown with dashed and dotted lines, respectively

3. Numerical results

Fig. 3 shows the Hα line profiles for models F1 and F2, with
(lower panel) and without (upper panel) non-thermal hydrogen
collisional excitation and ionization included. Fig. 4 shows the
Lyα and Lyβ line profiles for the model F1. The profiles obtained
by adding or not the collisional excitation and ionization rates
to the thermal ones are shown respectively in the lower and
upper panels. It can be seen that non-thermal processes greatly
influence the intensity and the broadening of the hydrogen line
profiles of limb flares. This effect is especially obvious in Hα
line, while the Lyα and Lyβ line profiles are relatively less
affected, though in the non-thermal case the intensities of both
lines are increased by more than one order of magnitude and
they are broader than in the thermal case.

Fig. 5 shows the CaII K and IRλ8542Å line profiles for the
model F2, with (lower panel) and without (upper panel) non-
thermal effects included. It can be seen that the CaII lines of a
flare at the limb are broader than at the center of the solar disk,
though the effect of non-thermal broadening for the CaII lines is
less obvious than for the Hα line. This is not surprising, because
non-thermal effects for the CaII lines are weaker than for the
hydrogen lines, as was indicated in our Paper I.

To clearly understand the non-thermal broadening effect,
the column mass distributions of the source function and of
the optical depth at the center and at +1.5Å of the Hα line for
models F1 and F2, respectively, are plotted in Fig. 6. The fig-
ure shows that the source function in the non-thermal case is
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Fig. 5.CaII K andλ8542Å line profiles for the model F2, with (lower
panel) and without (upper panel) non-thermal effects included. The
full lines show the line profiles at the center of the solar disk, while the
dashed and dotted lines give the line profiles for a limb flare at heights
of 1140 km and 800 km, respectively

much larger than that in the thermal case, as already indicated
in Paper II. However, its value changes with height: generally
it decreases with height, except for the F1 model in the non-
thermal case, where the source function attains its maximum
aroundM=0.01. At the line center, except for the upper layers
of flaring atmosphere, the optical depthτλ > 1; while at the line
wings,τλ < 1 through all the layers. When a flare is observed
on the solar disk, the line wing intensity is some weighted aver-
age of the source function through all the atmosphere. For limb
flares, if the height of observation just corresponds to the place
where the source function attains its maximum, then the inten-
sities at line wings are greatly increased; so that the width of
the line profile is much enlarged. In the F1 model, this happens
aroundM=0.01, whereM is the column mass, corresponding
to a height of around 750-850 km; while in the F2 model, it is
in the very upper layers of the flaring atmosphere. This is il-
lustrated in Figs. 3 and 4. As concerns the CaII lines, as shown
in Fig. 7, the situation is similar to the one for hydrogen lines.
However, there is no obvious difference between the thermal
and the non-thermal source functions, except at the very upper
layers of the F1 model; so the line widths of limb flares are sim-
ilar for both cases, though in the non-thermal case, the lines are
somewhat broader than those in the thermal case.

4. Discussion and conclusion

Our results show that in a flare, when an electron beam bom-
bards the atmosphere, the lines, when observing the flare spectra

Fig. 6. Column mass distributions of the source function (full and
dashed lines for the non-thermal and thermal case respectively) and of
the optical depth (dotted and dotted-dashed lines for the non-thermal
and thermal case respectively) at the center (upper panel) and at +1.5
Å (lower panel) of the Hα line for the models F1 (left panel) and F2
(right panel), respectively

on the limb, should be greatly broadened. This effect is espe-
cially pronounced for the hydrogen lines, and is mainly due to
the enhancement of the source function through non-thermal
collisional excitation and ionization of hydrogen and CaII by
electron beam bombardment.

In our calculations, at a given height, the source function is
assumed to be constant along the line of sight. This is presum-
ably true for the impulsive phase of flares, when the particle
beam bombards the chromosphere. Because at this phase, the
input energy comes mainly from magnetic reconnection and is
much larger than the radiative cooling, which has a longer time
scale, of the order of tens of minutes (e.g. Gan & Fang 1990). In-
deed, due to the radiation escape at the boundaries of a structure
above the limb, such as a prominence, the Hα source function
may decrease toward the surface of the stucture, as indicated by
Gouttebroze et al. (1993). However, even if the source function
decreases toward the surface, which may reduce the intensity
at the line center, the half-width of the line would still remain
high, because the optical depth at the line wings is less than
unit, so their intensities result from the integration of the source
function through the whole flare structure and are therefore not
significantly affected by its decrease at the structure boundaries.
Thus, the assumption of constant source function is probably
acceptable.

Some authors suggested that large scale non-Maxwellian
motions could be responsible for the line broadening observed
in limb flares (e.g. Jefferies & Orral 1961;Švestka 1965, 1976;
You et al. 1998). This is probably partialy true, but why only limb
flares would have such large non-Maxwellian motions is still not
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Fig. 7. Column mass distributions of the source function (full and
dashed lines for the non-thermal and thermal case respectively) and
of the optical depth (dotted and dotted-dashed lines for the non-
thermal and thermal case respectively) at the center (upper panel) and
at +1.0̊A (lower panel) of the CaII K line for models F1 (left panel) and
F2 (right panel), respectively

clear. One probable explanation is that, indeed, one can only see
the upper part of the atmosphere in flares observed above the
limb, so if the non-Maxwellian and/or the micro-turbulence ve-
locity increases with height, then they could contribute to the
line broadening in limb flare spectra and without having any
significant contribution to the broadening of the profiles in ob-
servations of flares on the disk. However, according to the anal-
ysis in Sect. 3, very broad line profiles, especially for hydrogen
lines, will be observed in limb flares when non-thermal effects
are taken into account, even if the non-Maxwellian and/or the
micro-turbulence velocity do not increase with height. Thus,
non-thermal collisional excitation and ionization should be one
of the most significant line broadening sources in limb flare
spectra.

In summary:
1. The great broadening of the profiles of hydrogen lines that

is observed in limb flare spectra can be at least partly explained
by the non-thermal excitation and ionization of hydrogen by
electron bombardment of the flaring atmosphere. This effect is
less pronounced for CaII lines.

2. The non-thermal broadening of the line profiles is espe-
cially pronounced at the height where the hydrogen line source
function attains its maximum. As shown in Fig. 3 for the F1
model, this is not necessary in the upper boundary layers at
chromospheric temperature during flares. This can probably
provide a valuable diagnostic tool to distinguish the effect of
non-Maxwellian motions increasing with height from that of
non-thermal collisional excitation and ionization caused by par-
ticle beams.
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