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Abstract. Ha, Lya, Ly3, Call K and\8542A line profiles
have been computed for limb flares with height distributions
temperatures as given by the semi-empirical modeksid F,
by including the non-thermal collisional excitation and ioniz
tion of hydrogen and of ionized calcium that results from ele
tron bombardment. In agreement with observations, the ¢
puted profiles of the hydrogen lines are very broad, especi
at the height where the source function reaches its maxim
Non-thermal effects are less pronounced for Call lines.
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1. Introduction

It is well known that in the impulsive phase of solar flare
the Balmer lines are very broad, while the metal lines rem
extremely narrow$vestka 1976). However, in limb flare spe

tra the already rather broad profiles of the hydrogen lines s
broaden (e.g. Graeter & Kucera 1992; Ding et al. 1999). Mo
over, metal lines lose their sharp and narrow characters apd, L . .
. o 10. 1. Monochromatic image at & line center of a limb flare at
in some cases, their width becomes comparable to that of 5%14:38 UT. The field of view i$0” x 60”. North is up, east is
high Balmer lines$vestka 1976). In this case, if one compargs ihe jeft '

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; Svestka 1965). Recently an unusually broad profile ¢ Widths athalf-peakintensity of thextnd Call 8542 lines

the Hel A10830 line was observed by You et al. (1998) in &€ @bout@and 1.6, respectively. By using these values and
large limb flare. This behaviour could be interpreted neither BySUMing a Doppler broadening, a temperature as high as 1.6
a Doppler broadening mechanism, nor by a pure Stark effett 10’ K and a micro-turbulence velocity of 21 kntSwould

that would imply an unacceptable high electron density (You ke obtained. Obv_lously, thls_ is not r_easonable. Thus_, how the
Oertel 1992). Here we give a new example (Ding et al. 199§}_<treme broadening .of thfa Ilne_ proﬁle_s observed in limb flare
Fig. 1 shows an H image of a limb flare that occurred on 11§peptra can be explained is an interesting problem worth study-
November, 1998. The flare is a small one (SF/C3.2) that wAg in detail. » _
observed with an imaging spectrograph at the solar tower of By co_n5|_der_|ng the effect of non-thermal collisional excita-
Nanjing University (Huang et al. 1995). Fig. 2 gives the linioN and ionization of hydrogen and Call, by an electron beam,
profiles of the Hv and Call 8542 lines, which were observed/® have shown that the hydrogen lines in the spectra of disk
simultaneously before theHmaximum. It can be seen that flares are greatly strengthened and broadened, while the result-

even for this small flare, the line profiles are extremely broat§d Proadening is weaker for the Call K line (Fang et al. 1993;
Henoux et al. 1995, hereafter referred to as Paper | and I, re-

Send offprint requests 1€. Fang spectively).
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It is worth computing for limb flares the hydrogen and Call
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 | and
II, and show non-thermal line profiles, computed for a limb flare:
atmosphere bombarded by an electron beam. The methodoldgy
is given in Sect. 2. The main results are shown in Sect. 3 a
followed by a discussion and conclusion in Sect. 4.

05
2. Methodology ‘5 04F

ive Int2iss

A four—levels plus continuum atomic model of hydrogen Wafg 03}
used. Following the theory given in Paper | and Il, to a god¥
approximation, for an electron beam bombardment, the non- g 2}
thermal collisional excitation and ionization rates of hydrogen

from its ground level can be obtained as 0.1f .
1 dEH 1 dEH 0.0 b .
Cfy ~29410"———, and Cf} ~5.3510°———
12 nq dt ’ 13 niy dt ’ —4 —2 0 2 4
1 dgH 1 dE¥ AX (R)
b ~1.9110°——— d Cf ~1.7310"0 ———
Cia 9110 o d and Cf, 7310 ol

Fig. 2. Line profiles of the K (solid lines) and Ca A8542 (dashed
1 lines) lines at 02:14:18 UT. Each panel has a one to one correspondence

The non-thermal collisional excitation and ionization ratdg €¢h small square shown in Fig. 1

of Call, as given in Paper |, can be expressed as

B 10 1 dEH Thus, in order to compute the profile of chromospheric lines in
C13(Call) ~2.3810 ny dt ' limb flares, we need a specific empirical model. Unfortunately
1 dEH no such model exists. Therefore, in this paper, the temperature
CB(Call) ~4.2510"°0 — —— distribution in the flaring atmosphere has been represented by

" dtH the semi-empirical flare models Bnd k;, given by Machado et
CE(Call) ~ 4.69 1010i £7 (2) al (1980).Inthese model;, aplan parglllel atmosphere has_, been
ny dt used. Indeed we cannot, in such conditions, study in a satisfac-

wheren; is the ground level populatiodE¥ /dt is the rate of to_ry way the height dependance of the line profiles. However,
energy deposit due to the excitation and ionization of hydrogEHS @PProach allows us to explore the role of the non-thermal
by an electron beam. The excitation and ionization from ti€Cts of particle beams in the line profiles of limb flares. The
higher levels are negligible. Neglecting return current effects fifights given in the figures may not be correct; however, they
a dense atmosphere, the energy deposit rate is given by (Engq}gespond to specific values of density and temperature. The

1978; Chambe & Knoux 1979) 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
dt ourself to the demonstration that additional effects, due to non-
w51 thermal processes are required in order to explain the significant
}(1 B x)nHA’Kj:l (ﬁ)_g (6 2)/ w2 du_ (3) Width of the observed line profiles.
2 E} "Ny 0 (1- u)% ’ The numerical code we used is similar to the one presented

in Papers | and Il. That is, the non-thermal rates have been
wherez is the ionization degree. The patrticle flux is supposedcluded in the statistical equilibrium equations; the statistical
to be proportional taZ—%, with a low cut-off energyF;. F; equilibrium equations and the transfer equations for hydrogen
is the total energy input flux abov®,. The meaning of other and Call, coupled with the hydrostatic equilibrium and the par-
physical quantities can be found in the relavant references. ticle conservation equations, have been solved iteratively. One
In most empirical flare models, the chromospheric flare lgindred frequency-points have been used for each line con-
located at heights lower than the top of the chromosphere ¢erned. Five broadening mechanisms, i.e. Doppler broadening,
2000 km) in the quiet-Sun model VAL-C given by Vernazza eadiative damping, Van de Waals forces, linear and quadratic
al. (1981). If this property was valid for all flares, one woul&tark effects, have been included in the calculation of the line
actually not see any stucture above the solar limb and no ggfiles. The assumption of complete frequency redistribution
limb flares. This is not the case, since limb flares are observeds adopted for simplicity. This does not have a significant influ-
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Fig. 3. Ha line profiles for the models F(left panel) and F (right  Fig. 4. Lya and Ly3 line profiles for the model £ “Thermal” line
panel), with (lower panel) and without (upper panel) non-thermal frofiles are shown in the upper panel, while “non-thermal” profiles are
fects included. Line profiles for a flare at the center of the solar diﬁlfesented in the lower panel. The line profiles at the center of the solar
(full line) and at the limb at heights of 1300 km (dashed line) and 104f)sk are drawn in full lines, while that for a limb flare at heights of 1530

km (dotted line), for the Fmodel, and 1180 km (dashed line) and 114Qm and 1300 km are shown with dashed and dotted lines, respectively
km (dotted line), for the Fmodel, are shown respectively. A Gaussian

macroturbulence velocity of 25 knT$ has been adopted to convolve

the line profiles .
3. Numerical results

Fig. 3 shows the H line profiles for models Fand k, with

ence on the line wing intensities, where the non-thermal effeé@wer panel) and without (upper panel) non-thermal hydrogen
are the most pronounced_ Using the flare atmospheric modé]@iSiOﬂ&' excitation and ionization included. Flg. 4 shows the

F and k, we Computed the source functié‘a and the Opacity LyO[ and Lyﬁ line prOﬁleS forthe model F The prOfileS obtained

Y. at different heights of the atmosphere. Assuming that, fo¥ adding or not the collisional excitation and ionization rates

limb flare, the horizontal distributions of the source function af@ the thermal ones are shown respectively in the lower and

constant for a given height, we can compute the line profilestPer panels. It can be seen that non-thermal processes greatly
different heights by using influence the intensity and the broadening of the hydrogen line

profiles of limb flares. This effect is especially obvious in H
line, while the Lyv and Lyg line profiles are relatively less
affected, though in the non-thermal case the intensities of both
wherer, = x,D. D is the thickness of the flare along the linelines are increased by more than one order of magnitude and
of-sight andy, is the absorption coefficient per unit length. Wehey are broader than in the thermal case.
take D = 3000 km as typical for all the models. The value of Fig. 5 shows the Call K and IR8542A line profiles for the
D does not influence greatly the final results. The calculationsdel &, with (lower panel) and without (upper panel) non-
have been made for an electron beam with an initial total enet@permal effects included. It can be seen that the Call lines of a
flux 7, =5 10" ergs cnt2 s~! and with a power indeX equal flare at the limb are broader than at the center of the solar disk,
to 4, which are typical values for flares. The low cut-off energyough the effect of non-thermal broadening for the Call lines is
E; was chosen to be 20 keV; the origin of the electron beam wiass obvious than for theddline. This is not surprising, because
taken at the top of the chromosphere, where the column mass-thermal effects for the Call lines are weaker than for the
My = 0. In the upper and middle chromosphere, where the linegdrogen lines, as was indicated in our Paper |.
are formed, the mean hydrogen ionization degree 0.5 and To clearly understand the non-thermal broadening effect,
A’ ~ 9 for an electron beam with an energy of several tens tife column mass distributions of the source function and of
keV. Soj ~ 2 andy ~ 15 were adopted. the optical depth at the center and at #1d§ the Ha line for
models k and R, respectively, are plotted in Fig. 6. The fig-
ure shows that the source function in the non-thermal case is

I)\:S)\(l—e_‘m), (4)
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. dashed lines for the non-thermal and thermal case respectively) and of
Fig. 5.Call K andA8542A line profiles for the model f; with (lower  the optical depth (dotted and dotted-dashed lines for the non-thermal
panel) and without (upper panel) non-thermal effects included. ThAd thermal case respectively) at the center (upper panel) and at +1.5
full lines show the line profiles at the center of the solar disk, while th&(jower panel) of the H line for the models F (left panel) and £
dashed and dotted lines give the line profiles for a limb flare at heighigyht panel), respectively
of 1140 km and 800 km, respectively

on the limb, should be greatly broadened. This effect is espe-
much larger than that in the thermal case, as already indicaggslly pronounced for the hydrogen lines, and is mainly due to
in Paper Il. However, its value changes with height: generaliiye enhancement of the source function through non-thermal
it decreases with height, except for the fodel in the non- collisional excitation and ionization of hydrogen and Call by
thermal case, where the source function attains its maximgfectron beam bombardment.
around)=0.01. At the line center, except for the upper layers |n our calculations, at a given height, the source function is
of flaring atmosphere, the optical depth> 1; while atthe line assumed to be constant along the line of sight. This is presum-
wings, 7, < 1 through all the layers. When a flare is observegbly true for the impulsive phase of flares, when the particle
on the solar disk, the line wing intensity is some weighted avéfeam bombards the chromosphere. Because at this phase, the
age of the source function through all the atmosphere. For linfput energy comes mainly from magnetic reconnection and is
flares, if the height of observation just corresponds to the plaggich larger than the radiative cooling, which has a longer time
where the source function attains its maximum, then the inteftale, of the order of tens of minutes (e.g. Gan & Fang 1990). In-
sities at line wings are greatly increased; so that the width @éed, due to the radiation escape at the boundaries of a structure
the line profile is much enlarged. In the Model, this happens above the limb, such as a prominence, the $urce function
around}/=0.01, wherel/ is the column mass, correspondingnay decrease toward the surface of the stucture, as indicated by
to a height of around 750-850 km; while in the Fodel, itis Gouttebroze et al. (1993). However, even if the source function
in the very upper layers of the flaring atmosphere. This is #ecreases toward the surface, which may reduce the intensity
lustrated in Figs. 3 and 4. As concerns the Call lines, as shogtithe line center, the half-width of the line would still remain
in Fig. 7, the situation is similar to the one for hydrogen linegiigh, because the optical depth at the line wings is less than
However, there is no obvious difference between the thermgiit, so their intensities result from the integration of the source
and the non-thermal source functions, except at the very upp@iction through the whole flare structure and are therefore not
layers of the I model; so the line widths of limb flares are simsignificantly affected by its decrease at the structure boundaries.
ilar for both cases, though in the non-thermal case, the lines @fus, the assumption of constant source function is probably
somewhat broader than those in the thermal case. 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 1963yestka 1965, 1976;

Our results show that in a flare, when an electron beam boWou etal. 1998). This is probably partialy true, but why only limb
bards the atmosphere, the lines, when observing the flare speftaras would have such large non-Maxwellian motions is still not

4. Discussion and conclusion
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F1 MODEL F2 MODEL 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 Call lines.

2. The non-thermal broadening of the line profiles is espe-
cially pronounced at the height where the hydrogen line source
ol el i function attains its maximum. As shown in Fig. 3 for the F
model, this is not necessary in the upper boundary layers at

T
1
-2
LOG( 7, 107%)

. N ' ' | ' ' ] chromospheric temperature during flares. This can probably
© provide a valuable diagnostic tool to distinguish the effect of
2 F A/~ = o A4 —~ . . . . . .
°© f\_ | \ = non-Maxwellian motions increasing with height from that of
5ol 2 L T %  hon-thermal collisional excitation and ionization caused by par-
7 RS e S ticle beams.
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