KINETIC ALFVÉN TURBULENCE AND NON–THERMAL BROADENING IN SOLAR FLARES

Yu. Voitenko^{1,2} and M. Goossens^2

1Main Astronomical Observatory, NAS of Ukraine 27 Zabolotnoho St., 03680 Kyiv, Ukraine e-mail: voitenko@mao.kiev.ua 2Centre for Plasma Astrophysics, K. U. Leuven Celestijnenlaan 200B, 3001 Heverlee, Belgium

Recent observations of soft X-ray nonthermal line broadening and hard X-ray emission in solar flares suggest that the nonthermal broadening is due to plasma turbulence created in the energy release [1]. We develop a model of the impulsive excitation of Alfvén wave turbulence and propose the mechanism for the interruption of spectral energy fluxes in flaring loops. This interruption determines the nonthermal broadening in flares and is important for the selective heating of plasma species and for the acceleration of particles to high energies.

INTRODUCTION

Observations suggest that the bulk flare energy is carried by the ≥ 0.1 MeV proton beams at the onset of solar flares ([4], and references therein). Yohkoh observations provide an additional support for the hypothesis of magnetic reconnection operating in different kinds of solar flares [5]. Fast magnetic reconnection converts the energy of the inflowing magnetic field into the bulk kinetic energy of outflowing plasma, moving with a typical velocity equal to the Alfvén speed based on the inflow condition, V_{(out)} ≈ V_{A(in)}. For typical coronal conditions, these outflows provide the kinetic energy flux (0.1 − 10) × 10^{11} erg cm^{−2} s^{−1}, carried mainly by outflowing ≥ 0.1 MeV protons. A principal question that needs to be answered is the following: how the kinetic energy that is carried by the ≥ 0.1 MeV proton beams is transformed in the corona?

A viable mechanism for the conversion of the proton-beam energy, which accounts for a strong interaction of kinetic Alfvén waves (KAWs) with a plasma, has been proposed ([6], and references therein). The theory was applied to both impulsive compact-loop flares and long-duration events. It was shown that the beam-driven instability of KAWs provides an effective mechanism for the conversion of beam kinetic energy into the energy of waves in the coronal part of just-reconnected flaring loops. Using the theory developed in [7]–[10], we discuss here the properties of the spectral fluxes of energy in the KAW turbulence.

EXCITATION OF ALFVÉN WAVE TURBULENCE IN FLARING LOOPS

In a Maxwellian background plasma, the increment of the KAW instability, driven by the V_z-shifted Maxwellian proton beam with bulk velocity V_{b0}, is [6]:

γ_k = √ π 8 ω_k μ^2 K^2 T_e T_i ( g_b n_b n_0

+ g_i − V_k V_{T e} + E_0 E_{Dr} + E_0 E_{ke} ) , (1)

where V_k = ω_k/k_z = V_AK is the wave phase velocity along z ‖ B_0, ω_k and k are frequency and wave vector of the excited waves, g_α = Λ_{0α}(T_e/T_α)[(V_{α0} − V_k )/V_{T α}] exp[−0.5(V_{α0} − V_k)^2/V^2_{T α}] with α = b or i, E_{ke} = k_zT_e/e.

In addition, to Cherenkov wave-particle interaction, the effects of the beam-induced electric field E_0 are taken into account in (1). For a super-Alfvén proton beam (V_{b0} > V_A), the destabilization in (1) comes from beam– induced inverse Landau damping (∼ n_b/n_0), and beam-induced electric field E_0 (∼ E_0/E_{Dr} and ∼ E_0/E_{ke}) terms. Stabilizing effects are due to the electron Landau damping (term ∼ −V_k/V_{T e}), and the ion Landau damping (term ∼ g_i, g_i < 0).

We estimate the growth rate of the KAW instability, excited in a flaring loop by a proton beam (typical velocity V_{b0} ≤ 2V_A, and n_b/n_0 = 0.2) as γ^L_k /Ω_i = 5 × 10^{−2}. As it has been shown in the framework of quasilinear theory, the beam-driven instability of KAWs can be saturated by the velocity-space diffusion of the beam protons [6]. Here we take into account the stronger nonlinear saturation mechanism [7], giving a saturation level of the wave amplitude in the source (k_⊥ρ_i ≤ 1) region: B_s/B_0 = 5 × 10^{−2}. The nonthermal plasma velocity due to waves may be calculated from the amplitude of wave magnetic field B: V_{pl} = V_A (B/B_0) . With the above values this gives a nonthermal plasma velocity V_{pl} = 50 km s^{−1} induced by the waves initially excited by beam.

THE MECHANISM OF THE SATURATION OF SPECTRAL FLUX AND NONTHERMAL BROADENING IN FLARES

The nonthermal velocities, observed as the excess line width of the soft X-ray line emission, are very high at a flare onset, V_{nt} = 200 − 400 km s^{−1}, and suggest that the nonthermal broadening is due to plasma turbulence created in the energy release [1]. The direction of energy cascade in the KAW turbulence is towards small k, forming a so-called inverse cascade and the inertial-range spectrum, ∼ k^{−1/2}_z k^{−2}_⊥ [8], suggesting that the enhanced wave amplitudes in the small-k_⊥ domain can explain the nonthermal velocities observed in flares.

The turbulent cascade can be stopped at small k_⊥ by the KAW phase mixing [9], and by ion Compton scattering [10]. Here we support the idea that the spectral flux can be eventually stopped by the ion Landau damping [9], even if plasma β_i ( = V^2_{T i}/V^2_A ) is initially low, β_i < 0.1. Indeed, if initially the wave spectrum falls in the domain of strong electron Landau damping, the resulting electron heating will rise β_i to 0.2 via e − i collisions at time scale ∼ 10^{−2} s. Then ion Landau damping come into play, and the resulting quasistationary dynamic equilibrium comprises: 1) the linear wave excitation at a wavenumber k_s, 2) the nonlinear saturation of the instability at a level B_s/B_0, 3) the inverse turbulent cascade induced by the three-wave resonant interaction, 4) the cascade interruption at a wavenumber k_{min} (= k_{d⊥}) by the ion Landau damping. The conditions of the equilibrium, γ_k (k_{s⊥}) = γ_k (k_{d⊥}), γ_k (k_{s⊥}) = γ_{NL} (k_{s⊥}), and γ_{NL} (k_{d⊥}) = γ_k (k_{d⊥}), allow us to determine the energy-containing wavenumber as k_{⊥min} ∼ 0.3k_{s⊥}, and the amplitude of magnetic fluctuations as B ≃ k^2_{s⊥}k^{−2}_{⊥min}B_s = 0.2B_0. This estimation gives the non-thermal velocity of V_{nt} = 200 km s^{−1}.

SUMMARY

We investigated the mechanism of the saturation of the spectral flux in the KAW turbulence in flaring loops. This phenomenon determines the nonthermal broadening in flares and selective heating of electrons and ions. The nonlinear saturation level of the wave amplitude in the energy-containing region, B ∼ 0.2B_0 gives the nonthermal velocity of V_{nt} = 200 km s^{−1}, which is typical at flare onset. The heating process undergo a transition from the preferable electron heating at the initial stage of turbulence to the ion heating at the developed stage.

Acknowledgements. Research supported by KUL through grant FWO G.0335.98, and by Ukrainian FFR grant 2.4/1003.

REFERENCES

[1] Alexander D., Harra-Murnion L. K., Khan J. I., Matthews S. A. Relative timing of soft X-Ray nonthermal line broadening and hard X-Ray emission in solar flares // Astrophys. J.–1998.–494.–P. 235–244.

[2] Harra-Murnion L. K., Akita K., Watanabe T. Investigating the nonthermal velocity of small GOES-class flares observed by YOHKOH // Astrophys. J.–1997.–479.–P. 464–478.

[3] Masuda S., Kosugi T., Hara H., et al. Hard X-Ray Sources and the Primary Energy-Release Site in Solar Flares // Publs Astron. Soc. Jap.–1995.–47.–P. 677–687.

[4] Simnett G. M. Protons in Flares // Space Sci. Rev.–1995.–73.–P. 387–400.

[5] Shibata K., Masuda S., Shimojo M., et al. Hot-Plasma Ejections Associated with Compact-Loop Solar Flares // Astrophys. J.–1995.–451L.–P. 83–86.

[6] Voitenko Yu. M. Excitation of kinetic Alfven waves in a flaring loop // Solar Phys.–1998.–182.–P. 411–430.

[7] Voitenko Yu. M. Three-wave coupling and parametric decay of kinetic Alfvén waves // J. Plasma Phys.–1998.– 60.–P. 497 –515.

[8] Voitenko Yu. M. Three-wave coupling and weak turbulence of kinetic Alfven waves // J. Plasma Phys.–1998.–60.– P. 515–527.

[9] Voitenko Yu. M., Goossens M . Turbulent dynamics of kinetic Alfvén waves in a transient flare loop // Magnetic Fields and Solar Processes: Proc. 9th European Meeting on Solar Physics, Florence, Italy, 12–18 September 1999 // ESA SP-448, 1999.–P. 735–740.

[10] Voitenko Yu. M., Goossens M. Turbulent dynamics of kinetic Alfvén waves // Physica Scripta.–2000.–T84.–P. 194– 196.