NONLINEAR INTERACTION OF MHD WAVES AND SOLAR CORONA HEATING

A. K. Yukhimuk^1, V. M. Fedun^2, E. K. Sirenko^1, Yu. M. Voitenko^{1,3}, A. D. Voytsekhovskaya^1

1Main Astronomical Observatory, NAS of Ukraine 27 Zabolotnoho St., 03680 Kyiv, Ukraine e-mail: yukhimuk@mao.kiev.ua, sirenko@mao.kiev.ua

2Department of Astronomy and Space Plasma Physics, Taras Shevchenko National University 6 Glushkova, 03022 Kyiv, Ukraine e-mail: fedun@astrophys.ups.kiev.ua/fedun@mao.kiev.ua

3Centre for Plasma Astrophysics, K.U.Leuven, Belgium e-mail: Yuriy.Voytenko@wis.kuleuven.ac.be

The nonlinear parametric interaction of Alfvén waves with magnetosonic and ion-acoustic waves is considered on the basis of two-fluid magnetohydrodynamics. A nonlinear dispersion relation describing three-wave interaction, instability growth rate have been calculated and estimated. The analysis of theoretical results shows that kinetic effects in the Alfvén waves (the finite ion Larmour radius) are essential for the parametric interactions of waves.

Nonlinear parametric processes studied in the paper could take place in the solar coronal loops, where plasma parameter is small. The products of the decay – magnetosonic and ion-acoustic waves, can effectively heat the coronal plasma owing to rapid dissipation.

INTRODUCTION

Magnetohydrodynamic waves play an important role in the dynamics of the Earth magnetosphere, solar wind and atmosphere of the Sun. The long-period geomagnetic pulsations observed in the Earth’s magnetosphere have been considered as MHD Alfvén waves (Nishida, 1980; Volokitin and Dubinin, 1989). The satellite observations show that the most part of turbulent pulsations are the Alfvén and magnetosonic waves in the solar wind (Belcher, 1971). They are thought to play an essential role in the solar wind heating. The MHD waves can provide a source of energy for corona heating. Alfvén waves have enough energy for heating of coronal loops (see, e.g., Goossens, 1994 and references therein). But they are slowdamped. This is the reason why Alfvén wave can’t heat coronal loops directly, and the problem arise: how the energy can be transferred from waves to plasma particles. The ion-acoustic and magnetosonic waves are rapid damped waves. Therefore, if the propagating Alfvén wave decays into ion-acoustic and magnetosonic waves, they can transfer rapidly their energy to particles due to dissipation. In the paper (Uchida, 1974; Wentzel, 1974) it was shown that the processes of formation of acoustic waves from Alfvén waves are effective in the region, where V_A/V_s − 1/30 − 30. The dissipation of wave energy arises on distances which are comparable with the length of coronal loops. Nonlinear interaction between Alfvén and ion-acoustic waves was considered for the case of linear dispersion , i.e., without accounting thermal effect (finite Larmor radius of proton). But in the magnetosheric and coronal plasma thermal effects play an important role. Taking into account the thermal effects leads to nonlinear dependence of frequency from wavenumber, which is essential for nonlinear wave interaction.

In the present work we consider nonlinear parametric interaction of Alfvén wave with the ion-acoustic and magnetosonic waves.

BASIC EQUATION

It is assumed that Alfvén wave with finite amplitude propagates in homogeneous magnetized plasma ( ⃗B_0 = B_0⃗e_z):

⃗E_0 = (E_{0x}⃗e_x + E_{0z}⃗e_z) exp i(−ω_0t + ⃗k_0⃗r) + c.c., (1)

where the frequency and wave vector are related by equality:

ω^2_0 = k^2_{0z}V^2_A(1 + tμ_i). (2)

Here μ_i = k^2_{0x}ρ^2_i , ρ_i = V_{T i}/ω_{Bi} – proton Larmor radius, ω_{Bi} = eB/m_ic – ion cyclotron frequency, t = T_e/T_i. Our governing equations are a set of two-fluid MHD equation: ∂⃗v_α ∂t = 1 m_α (e_α ⃗E + ⃗F_α) + (⃗v_α × ⃗ω_{Bα}) − T_α m_αn_α ∇n_α, (3) ∂n_α ∂t = −∇(n_α⃗v_α), (4)

∇ × ⃗B = 4π c ⃗j + 1 c ∂ ⃗E ∂t , (5)

∇ × ⃗E = − 1 c ∂ ⃗B ∂t , (6) ∇ · ⃗E = 4πρ, (7) where ⃗j = e(n_i⃗v_i − n_e⃗v_e), ρ = e(n_i − n_e), ⃗F_α = e^α c (⃗v_α × ⃗B) − m_α(⃗v_α∇)⃗v_α. Index α = i, e corresponds to the ion and electron components of plasma, respectively. As F_{pi} = m_e m_i F_{pe}, influence of F_{pi} force is small, and can be neglected. In Ampere-Maxwell’s equation we also neglect the displacement current.

We consider equations in Cartezian coordinates (x, y, z), supposing that all of the wave vectors are situated in OXZ plane. It is assumed that the wave synchronism conditions are satisfied:

ω_0 = ω + ω_1, ⃗k_0 = ⃗k + ⃗k_1, (8)

where ω_1, ⃗k_1, ω, ⃗k – frequency and wave vector of magnetosonic and ion-acoustic wave, respectively.

DISPERSION EQUATION FOR LOW-FREQUENCY PERTURBATIONS Since Alfvén and ion-acoustic waves are the ultralow-frequency waves, we can use the plasma approximation for obtaining the dispersion equation:

ñ_e = ñ_i, (9) where ñ_e and ñ_i are perturbations of the ion and electron number densities. From the motion and continuity equations, we can write for ñ_e and ñ_i: ñ_e n_0 = e T_e ( ψ − k^2_x k^2_z ω^2 ω^2_{Be} ϕ − Q_{NL} ) , (10) ñ_i n_0 = e m_e ( k^2_z ψ ω^2 − k^2_xφ ω^2_{Bi} ) . (11)

Here Q_{NL} = k_xω ek^2_z ω_{Be} ( i ω ω_{Be} F_x + F_y ) + F_z iek_z . To find the relation between φ and ψ, we use z component of Ampere’s law in two potential approximation and equation of charge conservation. Comparing (10) with (11) and using relation between φ and ψ, we obtain the dispersion equation for ultralow-frequency perturbations: [ k^2_z V^2_s ω^2 ( 1 − ω^2 k^2_z V^2_A ) ( 1 − ω^2 k^2_z V^2_s ) − μ_s ] φ = −Q_{NL}. (12)

In the absence of pump wave (Q_{NL} = 0) we have:

ω^2_A = k^2_z V^2_A(1 + μ_s), ω^2_s = k^2_z V^2_s /(1 + μ_s). (13)

These expressions describe dispersion laws for the Alfvén and ion-acoustic waves, respectively. The special properties of these waves are their ability to propagate in xz plane, thus the wave energy can be transferred across the external magnetic field as well as along it. And since ω^2_s ≪ ω^2_A and ω^2_A ≃ k^2_z V^2_A , the dispersion equation for an ion-acoustic wave can be rewritten as:

εϕ = ηψ_0E^∗_{1y} , (14)

where ε = ω^2 − k^2_z V^2_s /(1 + μ_s), η = − ω^2 ω_{Be} k_{0x} k_z V^2_{T e} V_A e T_e , In the calculation of the coupling coefficient η, we have taken into account the pondermotive force created by interaction of the pump wave with the magnetosonic wave.

DISPERSION EQUATION FOR MAGNETOSONIC WAVE To obtain a dispersion equation for magnetosonic wave propagating across magnetic field, we also use plasma approximation. In this case ions and electrons velocity must coincide. From the electron equation of motion we find: V_{ex} = e m_eω_{Be} ( E_{1y} + i ω_1 ω_{Be} E_{1x} ) + 1 m_eω_{Be} ( i ω_1 ω_{Be} F_{1x} + F_{1y} ) , (15)

where the term proportional to (ω/ω_{Be}) describes the inertial drift, of the wave that propagates across magnetic field. The component of pondermotive force is determined by interaction of pump wave and ion-acoustic wave. From the ion equation of motion and Maxwellś equation we write expression for V_{ix}: V_{ix} = k^2_1 V^2_A ω^2_1 eE_{1y} m_eω_{Be} . (16)

Comparing (15) with (16) we obtain dispersion equation for the magnetosonic wave:

ε_1E_{1y} = η_1φ^∗ϕ_0, (17)

where ε_1 = ω^2_1 V^2_A and coupling coefficient is determined by

η_1 = −2V_AV_S m_e e ( V_{T e} V_A )_2 k_{0x} ω_{Be} ω^2_1 ω_0μ_e (18)

μ_e = k^2_xρ^2_e.

NONLINEAR DISPERSION EQUATION AND DECAY GROWTH RATE From ion-acoustic (14) and magnetosonic (17) dispersion equations we can obtain a nonlinear dispersion relation describing three-wave interaction:

εε^∗_1 = ηη^∗_1 | ϕ_0 |^2 . (19) In the absence of the pump wave, ϕ_0 = 0, two kinds of waves with frequencies ω = ω_k and ω_1 = ω_{1k} exist in the plasma. In the presence of the pump wave, ϕ_0 ≠ 0, energy transfer from the pump KAW to the other plasma modes occurs, and amplitudes increase with the growth rate. Putting ω = ω_r +iγ, ω_1 = ω_{1r} +iγ (| γ |≪ ω_r, ω_{1r}) into (19) and expanding ε and ε_1 in Taylor series, we obtain an expression for the wave growth rate:

γ^2 = ηη^∗_1 |ϕ_0|^2 ∂ε ∂ω ∂ε_1 ∂ω_1 | | | | ω=ω_r ,ω_1=ω_{1r}

, (20) where ω_r and ω_{1r} are defined from equations:

ε(ω_r, ⃗k) = 0, ε_1(ω_1, ⃗k_1) = 0.

Substituting the expressions for the coupling coefficients η, η_1 and derivative ∂ε ∂ω , ∂ε_1 ∂ω_1 we find:

γ^2 = W 2 V_S V_A ω^2_0 ω_{Be}k_zV_A ( ω ω_{Be} ) μ_eω^2_{pe}, (21)

where W = | |E2_{0x} | | 4πn_0T_e . (22)

CONCLUSIONS

Let us estimate the instability growth rate for the coronal plasma. Spectroscopic observations suggest the presence of the Alfvén waves with amplitudes B/B_0 = 0.01 in coronal loops (Hara, 1999). To examine existence of the Alfvén waves, these authors used the method first proposed by McClements et al. (1991). Typical parameters for such loop are the length L = (2 − 5) × 10^9 cm, n = (0.5 − 1) × 10^{10} cm^{−3}, B = 100 − 500 G, T = 4 × 10^6 K, ω_{pe}/ω_{Be} ≈ 10, μ_e ≈ 1, ω_1 ≈ 10^{−1}ω_{Bi}. Substituting these values of the plasma parameters and the KAW intensity of W ≈ 10^{−5} − 10^{−6} into (21), we obtained γ ≈ ( 10^2 ÷ 10^3 ) c^{−1} and the time of instability development τ = γ^{−1} ≈ 0.01 c, respectively.

The nonlinear interaction of the Alfvén waves with the magnetosonic and ion-acoustic waves presented in this paper could occur in the Earth magnetosphere as well as in the solar magnetosphere, where a value of the plasma parameter β is low. In the solar atmosphere the sources of the Alfvén waves can be 5-min. chromospheric oscillation that swing the basis of magnetic loops and lead to propagation of the Alfvén waves into corona. Alfvén waves will transform into the kinetic Alfvén waves during the propagation along magnetic field. The kinetic Alfvén wave can interact more effectively with other kinds of waves because of the presence of a non-zero longitudinal component of the electric field E_z . When KAW reaches the region with low plasma parameter β it will decay into the magnetosonic and ion-acoustic waves. Due to their rapid dissipation, these waves are more effective for heating of the coronal plasma. The excitation of fast magnetosonic waves by phase mixing of an Alfvén wave was considered in Nakarjakov (1997). The relative effective excitation of the slow and fast magnetosonic waves by Alfvén waves needs further investigation.

REFERENCES

[1] Belcher J.W., Devis L. Large-amplitude Alfvén waves in the interplanetary medium // J. Geophys. Res.–1971.–76, N 1.–P. 3539–3574.

[2] Goossens M. Alfvén wave heating // Space Sci. Rev.–1994.–68.–P. 51.

[3] Hara H. and Ichimoto K. Microscopic Nonthermal Plasma Motions of Coronal Loops in a Solar Active Region // Astrophys. J.–1999.–513.–P. 969–982.

[4] McClements, et al. The detection of wave activity in the solar corona using UV line spectra // Solar Phys.–1991.– 131.–P. 41.

[5] Nakariakov V. M., Roberts B., Murawski K. Alfvén Wave Phase Mixing as a Source of Fast Magnetosonic Waves // Solar Phys.–1997.–175.–P. 93–105.

[6] Nishida A. Geomagnetic diagnostics of the magnetosphere.–Moscow: Mir, 1980.–299 p. (in Russian).

[7] Uchida Y., Kaburaki O. Excess Heating of Corona and Chromosphere Above Magnetic Regions by Non-Linear Alfvén Waves // Solar Phys.–1974.–35.–P. 451.

[8] Volokitin A. S., Dubinin E. M. The turbulence of Alfvén waves in the polar magnetosphere of the earth // Planet.

and Space Sci.–1989.–37.–P. 761–765.

[9] Wentzel D. G. Coronal heating by Alfvén waves // Solar Phys.–1974.–35.–P. 451.