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Fig. 11. Time evolution of /,(Ha), I (HB), and I,,((Hy). The colour
corresponds to the beam flux value — see also colouring in Fig. 10.
Arrows indicate the direction of time evolution. Solid lines denote mod-
els with C™, dashed lines the models without C™. Top: H_3T_D3 model.
Centre: H_TP_D3 model. Bottom: H_TP_DS5 model. Total deposited
energy E is the same for all panels.

no unique dependence of Balmer line /i, on Fp.x, see the right
panel of Fig. 10 which shows gradual increase of [, with local
minima and maxima corresponding to the time modulation of
the beam flux. Moreover, in the case of the high-flux models, /o
depend also on 8. As a consequence of increased wing emission
for lower 6, see Fig. 6, I, of all studied Balmer lines reach large
values for flatter electron spectra (compare centre and bottom
panel in Fig. 11).

Taking C™ into account leads to a significant increase of
Iior — see Figs. 10 and 11, but similar increase can be caused
by stronger heating by other mechanisms than electron beams.
Due to this reasons, neither wavelength-integrated intensities of
Balmer lines are good indicators of electron beam presence in
the Balmer line formation regions.

4. Conclusions

Presented radiative hydrodynamic simulations revealed the com-
plexity of the response of hydrogen Balmer lines to the electron
beam heating. At the same time, they proved to be a very useful
tool to obtain answers to questions raised in the Introduction.

1. We showed that the Balmer line intensities do vary on beam
flux variation time scales, i.e. on a subsecond time scale.
The time variations are caused by time evolution of the
temperature structure, electron density and influence of the
non-thermal collisional rates. Depending on the amount of
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the beam flux, time evolution of line intensities may also ex-
hibit both fast (pulse like), and gradual (e.g. an increase of
intensity on a time scale larger than the beam flux time vari-
ation) components, see e.g. the case of model L_3T_D3 in
Fig. 6. Such behaviour is known for the Ha line from obser-
vations (Trottet et al. 2000). Therefore, we conclude that the
fast pulse-like variations seem to be a good indicator of the
particle beams, namely when correlated with HXR or radio
pulsations.

2. Influence of the non-thermal rates on the Balmer lines de-
pends on the beam parameters, both the energy flux and
power-law index. C™ significantly alter the ionisation struc-
ture, leading to a modification of the line formation regions
which are not ionised due to the heating. Depending on the
beam parameters, C™ can affect line centres, wings or both,
but generally C™ result in an increased emission from a sec-
ondary formation region in the chromosphere.

3. Concerning the diagnostic tools based on Balmer lines, ex-
cept for the close correlation of the time variation of the
beam flux and the line intensities, we did not found any sys-
tematic behaviour that would uniquely indicate the presence
of the non-thermal electrons in the atmosphere solely from
observations of Balmer lines. Complementary information
such as hard X-ray emission or spectral lines having differ-
ent sensitivity to C™, e.g. Ca II (8542 A), are needed to assess
the presence of the non-thermal particles.

In this model study, we analysed the influence of the beam heat-
ing and the non-thermal collisional rates on hydrogen Balmer
lines in the case of prescribed fast beam flux modulation. The
next step is to compare the observed line emission with the sim-
ulated one using the non-LTE RHD models for beam parameters
inferred from hard X-ray or radio emission. In this way, the role
of different flare energy transport mechanisms e.g. such as al-
ternative heating of the chromosphere by Alfvén waves recently
proposed by Fletcher & Hudson (2008) can be adequately ad-
dressed. We plan to apply our code to fast time variations of
Hea and hard X-ray emissions observed during solar flares (e.g.
Radziszewski et al. 2007).

Acknowledgements. We thank the referee, S. L. Hawley, for many valuable
comments. This work was supported by grants 205/04/0358, 205/06/P135,
205/07/1100 of the Grant Agency of the Czech Republic and the research project
AV0Z10030501 (Astronomicky ustav). Computations were performed on OCAS
(Ondfejov Cluster for Astrophysical Simulations) and Enputron, a computer
cluster for extensive computations (Universita J. E. Purkyné).

References

Abbett, W. P., & Hawley, S. L. 1999, ApJ, 521, 906

Allred, J. C., Hawley, S. L., Abbett, W. P., & Carlsson, M. 2005, ApJ, 630, 573

Bai, T. 1982, ApJ, 259, 341

Canfield, R. C., Gunkler, T. A., & Ricchiazzi, P.J. 1984, Apl, 282, 296

Cheng, J. X., Ding, M. D., & Li, J. P. 2006, ApJ, 653, 733

Czaykowska, A., de Pontieu, B., Alexander, D., & Rank, G. 1999, ApJ, 521, L75

Ding, M. D., Qiu, J., Wang, H., & Goode, P. R. 2001, ApJ, 552, 340

Doschek, G. A., Mariska, J. T., & Sakao, T. 1996, ApJ, 459, 823

Emslie, A. G. 1978, ApJ, 224, 241

Fang, C., Henoux, J. C., & Gan, W. Q. 1993, A&A, 274, 917

Fisher, G. H., Canfield, R. C., & McClymont, A. N. 1985, ApJ, 289, 414

Fletcher, L., & Hudson, H. S. 2008, A&A, 675, 1645

Hawley, S. L., & Fisher, G. H. 1994, ApJ, 426, 387

Heinzel, P. 1991, Sol. Phys., 135, 65

Heinzel, P. 1995, A&A, 299, 563

Heinzel, P., & Karlicky, M. 1992, in Eruptive Solar Flares, Proc. Colloq. 133,
ed. Z. Svestka, B. V. Jackson, & M. E. Machado, IAU Colloq., 399, 359

Hoyng, P., Duijveman, A., Machado, M. E., et al. 1981, ApJ, 246, L155


lyndsayfletcher
Highlight


934

Hudson, H. S., & Férnik, F. 2002, in Solar Variability: From Core to Outer
Frontiers, ed. J. Kuijpers, ESA SP, 506, 261

Karlicky, M. 1990, Sol. Phys., 130, 347

Karlicky, M., & Hénoux, J.-C. 1992, A&A, 264, 679

Karlicky, M., Kasparov4, J., & Heinzel, P. 2004, A&AL, 416, L13

Kashapova, L. K., Kotr¢, P., & Kupryakov, Y. A. 2008, Annales Geophysicae,
26, 2975

Kasparovd, J., Heinzel, P., Varady, M., & Karlicky, M. 2003, in Stellar
Atmosphere Modeling, ed. I. Hubeny, D. Mihalas, & K. Werner, ASP Conf.
Ser., 288, 544

Kopp, R. A., & Pneuman, G. W. 1976, Sol. Phys., 50, 85

Kotré¢, P., Kashapova, L. K., & Kuprjakov, Y. A. 2008, 12th European Solar
Physics Meeting, Freiburg, Germany, held September, 8—12,
http://espm.kis.uni-freiburg.de/,2.61, 12, 2

Nagai, F., & Emslie, A. G. 1984, ApJ, 279, 896

Nejezchleba, T. 1998, A&AS, 127, 607

Oran, E. S., & Boris, J. P. 1987, NASA STI/Recon Technical Report A, 88, 44860

J. KaSparov4 et al.: Response of optical hydrogen lines to beam heating. I.

Oran, E. S., & Boris, J. P. 2000, Numerical Simulation of Reactive Flow, ed.
E. S. Oran, & J. P. Boris, ISBN 0521581753 (Cambridge, UK: Cambridge
University Press), 550

Peres, G., Serio, S., Vaiana, G. S., & Rosner, R. 1982, Ap]J, 252, 791

Radziszewski, K., Rudawy, P., & Phillips, K. J. H. 2007, A&A, 461, 303

Rosner, R., Tucker, W. H., & Vaiana, G. S. 1978, AplJ, 220, 643

Rybicki, G. B., & Hummer, D. G. 1991, A&A, 245, 171

Shibata, K. 1996, Advances in Space Research, 17, 9

Sturrock, P. A. 1968, in Structure and Development of Solar Active Regions, ed.
K. O. Kiepenheuer, IAU Symp., 35, 471

Tandberg-Hanssen, E., & Emslie, G. A. 1988, The physics of solar flares
(Cambridge University Press)

Trottet, G., Rolli, E., Magun, A., et al. 2000, A&A, 356, 1067

Turkmani, R., Vlahos, L., Galsgaard, K., Cargill, P. J., & Isliker, H. 2005, ApJ,
620, L59

§tépén, J., Kasparov4, J., Karlicky, M., & Heinzel, P. 2007, A&A, 472, L55

Vernazza, J. E., Avrett, E. H., & Loeser, R. 1981, AplS, 45, 635



