PARAMETRIC INTERACTION OF WHISTLER WAVES AND KINETIC ALFVÉN WAVES IN THE SPACE PLASMAS

A. K. Yukhimuk^1, V. M. Fedun^2, E. K. Sirenko^1, Yu. M. Voitenko^1, and V. A. Yukhimuk^3

1Main Astronomical Observatory, NAS of Ukraine 27 Zabolotnoho St., 03680 Kyiv, Ukraine e-mail: yukhimuk@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 3Los Alamos National Lab., USA

Satellite observations show a close relationship between the whistlers and lower-hybrid waves in space plasmas. Intense whistler waves generated by lighting discharges [17] or by quasimonochromatic VLF transmitters can be unstable to three-wave parametric interaction. Work [7] demonstrates experimental results about excited lower hybrid waves by VLF whistler mode waves in the topside ionosphere and near magnetosphere. Kinetic Alfvén waves are often observed by satellites [21, 32]. In this paper we consider analytically a possible mechanism of this relationship – parametric interaction of whistler pump waves with lower-hybrid and Alfvén waves in magnetized plasma with small plasma parameter. In the dynamics of Alfvén waves the kinetic effects (finite ion Larmor radius and electron inertia) are taken into account. A nonlinear dispersion equation describing three-wave interaction is obtained in the framework of two-fluid magnetohydrodynamics. The instability growth rates and time of instability development are found. Our theoretical investigation shows that the whistler mode well be an effective source of the lower hybrid and Alfvén waves in the magnetospheric plasma. This nonlinear process can take place in the Earth magnetosphere and in the solar atmosphere. The products of the decay – lower-hybrid and kinetic Alfvén waves – can effectively interact with magnetospheric and solar plasmas.

INTRODUCTION

The interest to the three-wave resonant (TWR) parametric decay closely related with the study of the origin of the waves observed in the laboratory and space plasmas. Also, different wave modes damp with different rates, and a mutual transformation of the wave modes caused by TWR can significantly change the rate of plasma heating, often providing an explanation for enhanced (or reduced) plasma heating. Therefore, the parametric interactions is of great interest [3, 25, 22, 27, 12, 20, 34, 35]. In introduction we shall be interested in processes, which can be united by the same physical phenomenon, the parametric interaction of whistler mode waves with ionospheric and magnetospheric plasmas [23] analyzing the effect of parametric excitation of the electrostatic whistler waves by electron plasma waves. A new excitation mechanism of auroral Langmuir and Alfvén waves in the planetary magnetosphere is presented in [10]. It was shown that a large-amplitude electromagnetic whistler wave propagating along the magnetic field lines can nonlinearly generate Langmuir and Alfvén waves through three wave parametric instability. The question of a generation of the oblique Alfvén waves by the parametric instability of the whistlers in the near Earth Plasma is considered in [28], namely the decay process with participation two whistlers waves spreading under angles to an external magnetic field and oblique Alfvén wave. It is shown that parametric instability whistlers should reduce to fast growth oblique Alfvén waves with perpendicular wave length. There is also very interesting work [13]. In this paper the parametric instability of quasi-monochromatic VLF waves in the upper ionosphere is considered. It is shown that the initial signal scattering into a low-frequency plasma wave and decaying into low frequency and ion-cyclotron waves is the most effective. A parametric interaction between two whistlers and ion-cyclotron wave is considered. The above process also may be responsible for excitation of the low-hybrid resonance in the ionosphere and magnetosphere of the Earth. The processes of whistlers scattering in the fields of big angles to an external magnetic field were analyzed in the paper [29]. In the paper [25] the decay of UHW on the whistler and KAW was studied. In the paper [22] the decay of LHW on the UHW and electromagnetic wave was studied. Later [20] used theoretical results of Murtaza and Shukla for interpretation of the nature of downshifted maximum, and of Stenflo for interpretation of stimulated electromagnetic emission in the ionosphere. In the paper [35] the nonlinear interaction of kinetic Alfvén wave with upper hybrid wave has been investigated, and the results were used for the interpretation of long-period geomagnetic pulsations.

Whistlers are one of the most widespread type of waves in a magnetized plasma. The generation mechanisms are related to flashes, particle beams, anisotropic velocity distributions of particles, and nonlinear processes in space plasmas. In the Earth magnetosphere, whistlers can propagate from one hemisphere to another, and under favorable conditions can be detected by the ground instruments and satellites in “magnetoconjugated” points. The low-hybrid waves were often observed simultaneously with whistlers [4, 8, 11, 26, 6, 7]. Satellite observations shown a close relationship between whistlers and LHWs [30, 5], and suggested that whistlers are the source of the lower hybrid wave.

However, despite of the observational data mentioned above, an exact mechanism of such a close relation between lower hybrid emissions and whistlers is still uncertain. In the present paper the nonlinear interaction of whistlers and lower hybrid waves have been investigated. Lower hybrid wave is excited as a result of parametric decay of whistlers into KAWs and LHW. A high efficiency of the interaction among KAWs and whistlers is caused by the presence of the longitudinal component of KAW electric field.

BASIC EQUATIONS Parametric instability, where the whistlers wave decay to the LHW and kinetic Alfvén wave W = LHW + KAW is considered.

Whistler pump wave ⃗E_0 = (E_{0x}⃗e_x + E_{0y}⃗e_y) exp iψ_0 + c.c., (1)

where ψ_0 = −ω_0t + k_{0x}x + k_{0z}z, ω_0 = ( k^2_0 c^2/ω^2_{pe} ) | cosθω_{Be} |, propagates in the homogeneous magnetized plasma (−→B_0 = B_0−→e_z ). It is assumed that the wave synchronism condition is satisfied

ω_0 = ω + ω_1, ⃗k_0 = ⃗k + ⃗k_1, (2)

where ω_0, ⃗k_0 – the frequency and wave vector of whistler pump wave, ω, ⃗k – the frequency and wave vector of kinetic Alfvén wave, ω_1, ⃗k_1 – the frequency and wave vector of lower hybrid wave. Let us consider that all wave vectors are situated in OXZ plane.

To study three-waves parametric interaction we use two-fluid magnetohydrodynamics (MHD): ∂⃗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. Electron density and velocity, electric and magnetic field are presented in the form:

n_e = n_0 + ñ_A + ñ_1, ⃗v_e = ⃗v_0 + ⃗v_A + ⃗v_1, ⃗E = ⃗E_0 + ⃗E_A + ⃗E_1, (8) ⃗B = B_0⃗e_z + ⃗B_A, where n_0 is the mean value of plasma density, index 0 in expression for ⃗v_e and ⃗E denotes the variable related to the pump wave, and indexes A and 1 denote the variables related to KAW and UHW, respectively.

DISPERSION EQUATION OF ALFVÉN WAVES To obtain dispersion equation we use plasma approximation

ñ_e = ñ_i, (9)

as Alfvén waves are slow. Here ñ_e and ñ_i are the perturbations of electron and ion density, respectively. From the motion Equation (3) and continuity Equation (4) we find the expression for ñ_e, ñ_i : ñ_e n_0 = ( 1 − v^2_{ph} v^2_{Te} )_{−1} e T_e [ φ − A + k_x k^2_z ω ω_{Be} 1 e ( i ω ω_{Be} F_x + F_y ) + F_z iek_z ] , (10) ñ_i n_0 = − e T_e μ_i 1 + μ_i ( φ + ω^2_{Bi}k^2_z ω^2k^2_x A ) , (11)

where v_{ph} = ω/k_z, A =^ω_{kz c} A_z , μ = k^2_xρ^2_i , ρ_i = v_{T i}/ω_{Bi} is the ion Larmor radius, φ and A_z are scalar and vector potentials of KAW electric field, respectively. The first relation between φ and A follows from (10)–(11):

A = ( 1 + T_e T_i μ_i 1 + μ_i ( 1 − V^2_{ph} V^2_{T e} )) φ − k^2_x k^2_z ω^2 ω^2_{Be} 1 iek_x F̄ + 1 iek_z F_z − T_e e V^2_{ph} V^2_{T e} ⃗k ω · ( n n_0 ⃗V ) e , (12)

where F̄ = ( F_x − i ω_{Be} ω F_y ) . We can find the second relation between φ and A from the perpendicular projection of Ampere low:

−k^2k_z A_z = 4π c k_xj_x. (13)

The linear part of the transverse current j_x is determined by the plasma ion component, but the nonlinear perpendicular current is generated by the beating of LHW and whistler in electron motions:

j_x = en_0V^L_{ix} + j^{NL}_{ex} . (14)

Inserting the expression for ion velocity and nonlinear electron current we get the second relation between KAW potentials: A = V^2_{ph} V^2_A 1 1 + μ_i φ + ( k^2_z δ^2_i )_{−1} m_i e ω k_x n^L_e n_0

V^L_{ex} + ( k^2_z δ^2_i )_{−1} m_i e ω^2 ω^2_{Be} × (15) ( V^2_{ph} V^2_{T e} − 1 )_{−1} 1 im_ek_z F_z + ( V^2_{ph} V^2_{T e} − 1 )_{−1} ω k^2_z ⃗k · ( n n_0 ⃗V ) + 1 im_ek_x F̄ ,

where δ^2_i = c^2/ω^2_{pi}. Equating (12)–(15) we obtain the nonlinear dispersion equation for KAW: [ V^2_{ph} V^2_A

(1 + χ_e) − (1 + μ̄_i) ] 1 1 + μ_i φ = 1 iek_z F_{ez} − m_e m_i V^2_{ph} V^2_A

(1 + χ_e) 1 iek_x ( F_{ex} − i ω_{Be} ω F_{ey} ) − m_i e ( k^2_z δ^2_i )_{−1} ω k_x (1 + χ_e) n^L_e n_0

V^L_{ex}, (16) where χ_e = k^2_xδ^2_e , μ̄_i = (1+T_e/T_i)μ_i. From the motion equation we find electron velocity components in the field of whistler wave:

v_{0x} = −i eE_{ox} m_e (ω_0 − ω_{Be})

, (17)

v_{0x} = eE_{ox} m_e (ω_0 − ω_{Be}) , and from (6) we find components of magnetic field pump wave: b_{0x} = −i ck_{oz} ω_0 E_{0x,} b_{0y} = ck_{oz} ω_0

E_{0x,} (18)

b_{0z} = i ck_{ox} ω_0 E_{0x.} Velocity components in the LHW field can be obtained from electron motion equation:

v_{1x} = − ek_{1x}ω_1 m_e (ω^2_1 − ω^2_{Be}) φ_1, v_{1y} = −i ek_{1x}ω_{Be} m_e (ω^2_1 − ω^2_{Be}) φ_{1,} (19)

v_{1z} = − ek_{1z} m_eω_1 φ_{1.} Using expressions (17)–(19) and from (16), we find dispersion equation for the Alfvén wave:

ε_Aφ = μ_A (E_{0x}φ^∗_1) , (20)

where μ_A is the coupling coefficient defined by the expression:

μ_A = i e m_e k_{1x} ω_{Be} k_{0z} k_z k^2_z V^2_A ω_0

(1 + μ_i) [ 1 + m_e m_i k_z k_x ω^2_{Be} ω_1ω k_{1z} k_{1x} (1 + μ̄_i) ] , ε_A = ω^2 − k^2_z V^2_A (1 + μ̄_i) .

In the calculation of the coupling coefficient μ_A, we have taken into account the pondermotive force created by scattering whistlers pump wave on LHW. And since we consider magnetosphere, where the plasma parameter is as m_e/m_i << β << 1, and we keep therms with finite-Larmor-radius effects in the dispersion equation for KAW.

DISPERSION EQUATION OF LHW Dispersion equation of LHW can be find from Puasson equation:

△φ_1 = −4πe (ñ_i − ñ_e) . (21)

We find expression for ñ_i, ñ_e from the motion Equation (3) and continuity Equation (4):

ñ_i = en_0 m_i ( k^2_{1x} ω^2_1 − ω^2_{Bi} + k^2_{1z} ω^2_1 ) φ_{1,} (22) ~n_e = − en_0 m_e ( k^2_{1x} ω^2_1 − ω^2_{Bi} + k^2_{1z} ω^2_1 ) φ_1 − n_0 m_e k_{1x}ω_{Be} ω_1 (ω^2_1 − ω^2_{Be})

× (23) [ i ω_1 ω_{Be} F_{1x} + F_{1y} + i k_{1z} k_{1x} ( ω^2_1 − ω^2_{Be} ) ω_1ω_{Be} F_{1z} ] − ⃗∇⟨ñ_A ⃗V_0⟩ −iω , where components of pondermotive force are defined by interaction of pump wave and Alfvén wave. From (21)–(23) we find the dispersion equation for LHW:

ε_1φ_1 = μ_1 (E_{0x}φ^∗) , (24)

where coupling coefficient μ_1 is defined by the expression:

μ_1 = i e m_e μ_s 1 + μ_i ω k_z 1 V^2_{T e} k_{0z} ω_0 ω_1ω_{Be} k_{1x} [ 1 + k_{1z} k_{1x} k_z k_{0z} k_z k_x ω_0 ω_1 ω^2_{Bi} ω^2

V^2_{T e} V^2_s

(1 + μ̃_i) + ω_0 ω k_z k_{0z} ] ,

ε_1 = ω^2_1 − ω^2_{pi} 1 +^{ω2pe}_{ω2Be} ( 1 + m_i m_e k^2_{1z} k^2_1 ) .

NONLINEAR DISPERSION EQUATION FOR THREE-WAVE INTERACTION From Equations (20) and (24) we find the nonlinear dispersion equation describing three-wave interaction (decay of whistler pump wave into the KAW and LHW):

ε_Aε^∗_1 = μ_Aμ^∗_1|φ_0|^2. (25)

Assuming in (25) ω = ω_r + iγ_1, ω_1 = ω_{1r} + iγ_1, (where |γ| ≪ ω_r, ω_{1r}) and decomposing ε_A and ε_1 to the Taylor series after the small parameter iγ_1 we obtain the expression for the instability growth rate

γ_1 = μ_Aμ^∗_1|E_{0x}|^2 ∂ε_A ∂ω ∂ε_1 ∂ω_1 | | | |_{ω=ωr ,ω1=ω1r} , (26)

where ω_r and ω_{1r} could be found from the equations

ε_A(ω_r, ⃗k) = 0, ε_1(ω_1, ⃗k_1) = 0.

Substituting values of derivatives ∂ε_A ∂ω = 2ω, ∂ε_1 ∂ω_1 = 2ω_1,

and coefficients μ_A and μ_1 into (26) we obtain

γ^2_1 = W 4 ω^2_{pe} ω^2_0 μ_sV^2_Ak^2_{0z} × [ 1 + m_e m_i k_z k_x ω^2_{Be} ω_1ω k_{1z} k_{1x} (1 + μ̄_i) ] × (27) [ 1 + k_{1z} k_{1x} k_z k_{0z} k_z k_x ω_0 ω_1 ω^2_{Bi} ω^2

V^2_{T e} V^2_s

(1 + μ̃_i) + ω_0 ω k_z k_{0z} ] ,

where W = |E_{0x}|^2 4πn_0T_e . DISCUSSION AND APPLICATION In this paper we consider analytically the nonlinear parametric interaction of whistlers with LHW and Alfvénic wave in a low-β plasma. The kinetic effects (finite ion Larmor radius and electron inertia) are taken into account for dispersion law, when we investigate the dynamics of Alfvén wave. Such Alfvén wave are usually called kinetic Alfvén wave. They have some properties which are different from the MHD Alfvénic wave. They include a presence of nonzero parallel electric field E_z and can propagate in xz-plain. Due to this properties KAW interact effectively with whistler and amplify lower hybrid wave. The nonlinear three-wave parametric interaction we consider can observe in laboratory and space plasma with low-β plasmas. Such processes in space plasmas can take place in the ionosphere and magnetosphere of the Earth, and in the some regions of solar atmosphere where the plasma parameter is small.

In our paper we consider magnetospheric plasma in the capacity of supplement (or application). Typical parameters for magnetospheric plasma at 3 − 4 R_E are following: V_{T e} ≈ 10^7 cm c^{−1}, ω_{pe} ≈ 10^5 c^{−1}, ω_{Be} ≈ 10^5 c^{−1}, ω_{Bi} ≈ 10^2 c^{−1}. Substituting plasma parameters and whistlers intensity W ≃ 10^{−5} into (27), the time of instability development is of τ ≈ γ^{−1}_{max} = 0.01 c.

Our theoretical investigation show, that whistler wave, propagating in the magnetosphere, will be a source of lower hybrid and Alfvén waves. Theoretical results can explain satellite observations of the coexistence of whistler, lower hybrid and Alfvén waves.

The nonlinear parametric processes considered in this paper could take place in the solar corona as well, where whistlers are generated by energetic electrons in magnetic traps on the Sun. Whistlers will excite lower hybrid and Alfvén waves while propagating through the solar atmosphere. Lower hybrid wave can effectively accelerate electrons to high energy. Kinetic Alfvén waves interact effectively with plasma particles and participate in the heating and acceleration of space plasma particles owing to presence of the longitudinal component of electric field. Thus, the products of the decay – low-hybrid and kinetic Alfvén waves – can affect the magnetospheric and solar plasmas stronger than the initially excited whistler waves.

Acknowledgements. This work was supported in part by INTAS Grant 99-00-78.

REFERENCES

[1] Alongi M., Bertelli G., Bressan A. et al. Results of Observations // Astrophys. J.–1993.–97, N 1.–P. 851–860.

[2] Benz A. O., Smith D. F. Stochastic acceleration of electrons in Solar flares // J. Geophys. Res.–1987.–107, N 2.– P. 299–309.

[3] Berger R. L., Chen L. Excitation of fast waves by slow waves near the lower-hybrid frequency // Phys. Fluids.– 1976.–19.–P. 1392–1399.

[4] Barrington R. E., Berlose G. S. Preliminary results from the very-low-frequency receiver on board Canadas Alouette satellite // Nature.–1963.–198.–P. 651–656.

[5] Bell T. F., Ngo H. D. Electrostatic waves stimulated by coherent VLF signals propagating in and near the inner radiation belt // J. Geophys. Res.–1988.–93.–P. 2599.

[6] Bell T. F., Inan U. S., Sonwalnar V. S., et al. DE-1 observations of lower hybrid waves excited by VLF whistler mode waves // Geophys. Res. Lett.–1991.–48.–P. 393.

[7] Bell T. F., Inan U. S., Lauben D., et al. DE-1 and COSMOS 1809 observations of lower hybrid waves excited by VLF whistler mode waves // Geophys. Res. Lett.–1994.–21, N 8.–P. 653–656.

[8] Brice N. M., Smith R. L. Recording from satellite Alouette-2-A very low frequency plasma resonance // Nature.– 1964.–203.–P. 926–927.

[9] Chin Y. C., Wentzel D. G. Nonlinear dissipation of Alfv́en Waves // Astrophys. and Space Sci.–1972.–16.–P. 465.

[10] Chian A. C.-L., Lopes S. R., Alves M. V. Nonlinear excitation of Langmuir and Alfv́en waves by auroral whistler waves in the planetary magnetosphere // Astron. and Astrophys.–1994.–288.–P. 981–984.

[11] Gurnett D. A. A satellite study of VLF hiss // J. Geophys. Res.–1966.–71, N 23.–P. 5599–5615.

[12] Gucha S., Sarkar R. Parametric decay of a whistler wave at the difference frequency of two electromagnetic waves in a plasma // J. Plasma Physics.–1991.–47, N 1.–P. 115–123.

[13] Grach S. M. Parametric Instability of VLF Waves in the Upper Ionosphere // Radiophysica.–1975.–18, N 11.– P. 1627–1637. (in Russian).

[14] Hasegava A., Chen L. Kinetic processes in plasma heating by resonant mode conversion of Alfven wave // Phys.

Fluids.–1976.–30.–P. 1924.

[15] Hui C. H., Seyler C. E. Electron acceleration by Alfvén waves in the magnetosphere // J. Geophys. Res.–1992.–97, N 4.–P. 3953–3963.

[16] Ionson I. A. Resonant absorption of Alfvénic surface waves and heating of solar coronal loops // Astrophys.

J.–1978.–226, N 2.–P. 650–673.

[17] Kelley M. C., Ding J. G. Intence Ionospheric and Magnetic Field Pulses Generated by Lighting // Geophys. Res.

Lett.–1990.–17, N 12.–P. 2221–2224.

[18] Kletzing C. A. Electron acceleration by kinetic Alfven waves // J. Geophys. Res.–1994.–99, N 11.–P. 11095–11103. [19] Lakhina G. S., Buti B. Stochastic acceleration by lower hybrid waves in the solar corona // Solar Phys.–1996.–165, N 2.–P. 329–336.

[20] Leyser T. B. Parametric interaction between hybrid and low hybrid waves in heating experiments // Geophys.

Res. Lett.–1991.–18, N 3.–P. 408–411.

[21] Louran P., Wahlund J. E., Chust T. Observation of Kinetic Alfven waves by the FREJA Spacecraft // Geophys.

Res. Lett.–1996.–21, N 17.–P. 1847–1850.

[22] Murtaza G., Shukla P. K. Nonlinear generation of electromagnetic waves // J. Plasma Phys.–1984.–31.–P. 423–436. [23] Sharma R. P., Tripathi Y. K., Hadi A., et al. Parametric Excitation of Electrostatic Waves by Electron Plasma Waves // J. Geophys. Res.–1992.–97.–P. 4275–4281.

[24] Shukla P. K., Stenflo L. Nonlinear Alfven waves // Physica Scripta.–1995.–60.–P. 32–35. [25] Shukla P. K., Mamedow M. A. Nonlinear decay of a propagating lower-hybrid wave in a plasma // J. Plasma Phys.–1978.–19, N 1.–P. 87–96.

[26] Scarf F. L., Fredrics R. W., Smith E. J., et al. OGO-5 observations of LHR noise emissions and whistlers near the plasmapause at several Earth radii during a large magnetic storm // J. Geophys. Res.–1972.–77, N 10.–P. 1776–1793.

[27] Stenflo L. Stimulated scattering of large amplitude waves in the ionosphere // Physica Scripta.–1990.–30.–P.

166–169.

[28] Taranenko Yu. N., Chmyrev V. M. Generation of Oblique Alfven Waves by the Parametric Instability of Whistlers in the Near-Earth Plasmas // Geomagnetizm and Aeronomy.–1987.–27.–P. 664–665.

[29] Taranenko Yu. N., Chmyrev V. M. Parametric Interaction of Whistler and Electron Cyclotron Waves in the ionospheric Plasma // Geomagnetizm and Aeronomy.–1989.–29.–P. 459–464.

[30] Titova E. E., Di V. I., Yurov V. E., et al. Interaction between VLF waves and turbulent ionosphere // Geophys.

Res. Lett.–1984.–11.–P. 323.

[31] Robert I., Stefant R. J. Alfven wave damping from finite gyroradius coupling to the ion acoustic mode // Phys.

Fluids.–1970.–13, N 2.–P. 440–450.

[32] Volokitin A. S., Dubinin E. M. The turbulence of Alfven waves in the polar magnetosphere of Earth // Planet.

and Space Sci.–1989.–37, N 7.–P. 761–768.

[33] Yukhimuk A. K. Plasma phenomenons in geophysics.–Kiev: Naukova Dumka, 1982.–165 p. [34] Yukhimuk A. K., Kotsarenko N. Ya., Yukhimuk V. A. Nonlinear interaction of Alfvén waves in solar atmosphere // Proc. 26th ESLAB Symp. Killarny, 16-19 June, Noordwijk, 1992.–P. 337–341.

[35] Yukhimuk V. A., Voitenko Yu. M., Fedun V. M., Yukhimuk A. K. Generation of kinetic Alfvén waves by upperhybrid pump waves // J. Plasma Physics.–1998.–60, N 3.–P. 485-495.