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ABSTRACT

Influence of the large-scale zonal flows and magnetic fields on the relative short-scale ULF electromagnetic
waves in the dissipative ionosphere in the presence of a smooth inhomogeneous zonal wind (shear flow) is
studied. A broad spectrum of Alfvenic-like electromagnetic fluctuations appears from electromagnetic drift
turbulence and evidence of the existence of magnetic fluctuations in the shear flow region is shown in the
experiments. In present work one possible theoretical explanation of the generation of electromagnetic
fluctuations in DW-ZF systems is given. For shear flows, the operators of the linear problem are non-
selfconjugate and therefore the eigenfunctions of the problem are non-normal. The non-normality results in
linear transient growth with bursts of the perturbations and the mode coupling, which causes the generation
of electromagnetic waves from the drift wave—shear flow system. We show that the transient growth
substantially exceeds the growth of the classical dissipative trapped-particle instability of the system.
Excitation of electromagnetic fluctuations in DW-ZF systems leads to the Attenuation-suppression of the
short-scale turbulence.
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1. Introduction

In recent years, special attention has been paid to the study of the generation of large-scale spatial-
inhomogeneous (shear) zonal flows and magnetic field turbulence in the magnetized plasma medium in
laboratory devices, as well as in space conditions (Diamond et al., 2005). Such interest firstly is caused by
the fact that the excitement of the zonal flows and large-scale magnetic field can lead to noticeable
weakening of anomalous processes, stipulated by relatively small-scale turbulence and by passage to the
modes with improved property of adaptation to the equilibrium state (Diamond et al., 2005; Kamide and
Chian, 2007). Specifically, the experiments indicate that drift turbulence gives rise to a broadband spectrum
of electromagnetic waves, which is the subject of the present study. The zonal flow is different from
externally imposed shear flow in that the zonal flow is a self-organized turbulence driven phenomena. The
fluctuation data show a broad spectrum of electromagnetic waves in the presence of large scale zonal flows.
Alfvenic-like fluctuations appear from electromagnetic drift flow driven turbulence in experiments (Horton,
2005; 2009). Generation of broadband electromagnetic fluctuations in drift wave — zonal flow systems is a
significant phenomenon because electromagnetic fluctuations can modify the anomalous transport. In
addition, the characteristics of these fluctuations indirectly give information about the dynamics of this
system. The reported Alfvenic-like fluctuations occur at high shear rates. The fluctuations in flows with high
shear rates are strongly non-normal. The strong nonnormality results in linear transient growth with bursts of
the perturbations and mode coupling, which indicates the generation of the electromagnetic waves at
interaction of the drift waves with the large scale zonal flows.

However, many-year observations (Gekelman, 1999; Grzesiak, 2000; Guzdar et al, 2001) show that at
the atmospheric and ionospheric layers the spatially inhomogeneous shear flows permanently exist and are
produced by a nonuniform heating of the atmospheric layers by solar radiation. In this connection, it
becomes important to investigate the problem at the presence of inhomogeneous shear winds.
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The interest in shear flows exist, generally speaking, due to their occurrence both in the near-earth space
(as has been mentioned above) and astrophysical objects (galaxies, stars, jet outbursts, the world ocean and
so on) and in the laboratory and engineering equipment (oil and gas pipelines, plasma magnetic traps,
magnetodynamic generators and so on). A flow velocity shear is a powerful source of various energy-
consuming processes in a solid medium. Though these processes have been studied in the course of many
years, their theoretical interpretation is difficult even in terms of linear approximation. The canonical
(modal) investigation of linear wave processes (spectral expansion disturbances with respect to time
followed by analysis of the eigenvalues) in shear flows does not take into account a highly important
physical process, namely, the mutual transformation of wave modes (Chagelishvili et al, 1996; Gogoberidze
et al, 2004).

Nonmodal approach correctly describes transient exchange of energy between basic shear flow and
perturbations. The energy transfer channel is resonant by nature and leads to energy exchange between
different wave modes (chagelishvili et al, 1996; Gogoberidze et al, 2004). The mutual transformation of
different kinds of waves is studied numerically and analytically in (Aburjania et al, 2006; Aburjania, 2006)
in detail for the ULF electromagneic Rossby type waves. The mutual transformation occurs at small shear
rates if the dispersion curves of the wave branches have pieces nearby one another. Other possibility of
energy transfer channel is nonresonant vortex and wave mode characteristic times are significantly different
and nonsymmetric a vortex mode is able to generate a wave mode but not vice versa. This channel leads to
energy exchange between vortex and wave modes, as well as between different wave modes. We concentrate
on this channel of mode coupling because it is important at high shear rates.

2. Model Equations
We describe the dynamics of the drift Alfven waves by the following theoretical model —fluid equations
(Aburjania et al. 2006):
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Here the density perturbation, N, is normalized to the reference value of the background density value,
n, - N=In(n,/n), the electrostatic potential, @, to T, /e , the parallel component of the vector

potential, A, to (c/c,)(T,/e) ; c, isthe Alfven velocity. Time derivative d,/dt and space derivative
along the total magnetic field, V. , imply

‘;—t=§+v X))V, V”:%—eZ[VAxV]Z. (4)

In this model the ion and electron temperatures are assumed to be uniform (VT, ,VT;=0; T, > T;)
and the temperature gradients are neglected. The perturbations are considered to be quasi-neutral,
N, ~ N, =N.

Electric and magnetic fields are given as:

10A
E=-Vo-——=¢,, B, =[VA xe ], 5
(I) c 8t ez € [ z>< z] ()
B, B, at B0 1.
We got:

(;+V(x)—j(A Q+0A, N_EA (p)+ A A+A ¢+6A N-0.36D,A%p =0, (6)

(8+V(X)—JA+ g Sg (p—x%—@ 0. (7

ot oz oy oy oz

4



0 0 OA A op . OA
—+V,(X)— [N+———y—L4+V —+A (p—N)=0. 8
(at o( )82) P X5 5 (e ) (8)

Here, @, A, N are perturbations of the scalar electrostatic potential, vector potential of the magnetic field

and the density, respectively.
Hereafter, we use nondimensional variables and physical quantities. Spatial scales are normalized to the

length scale of perturbations along the magnetic field L, ~1/k; and time is normalized to the Alfvén wave
time 7, ~1/kV, , shear flow is given as following:
Vo(2)=Vvy(2) e, =A-z-¢e,,
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We present the following perturbations in a linear approximation:
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The wavenumbers of the SFH modes vary in time along the flow shear. In the linear approximation, SFH

“drift” in the K-space in wavenumber space.
For each Fourier harmonics we will have:
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This system of equations corresponds to spectrally stable DWs. In fact, low frequency DWs are subject
to the trapped-particle instability.
In the simulations below, the quadratic form of (spectral energy density) for a separate SFH as a measure
of its intensity is
E(t) =EA(1) +E4 (1) +E, () (13)
In the present analysis, this stretching physics is contained in the wave-number vector K time dependence

induced by the shear flow parameter S. The effect is relatively easy to understand: convection of the initial
structures stretches them in the direction of the sheared flow. This occurs for structures of all three fields:



vorticity, density, and magnetic flux. This time-dependent stretching induces a coupling between the three
fields.

3. Linear Spectrum of the perturbations
The dispersion equation of our system may be obtained in the shearless limit S=0 using the full Fourier
expansion of the variables, including time (Horton et al, 2009). Although the roots of the dispersion equation
obtained in the shearless limit do not adequately describe the mode behavior in the shear case, we use this
limit to understand the basic spectrum of the considered system. Hence, using Fourier expansion of the field
vector we derive for the shearless limit the cubic dispersion relation:
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This third order dispersion equation describes three different modes of perturbations: two high frequency
kinetic Alfvén waves and a low frequency DW. Due to the nonzero electron skin depth scale the Alfvénic-

like fluctuations are dispersive with @ dependent on K, . This fact is very important for mode coupling
since K, is time dependent in nonuniform flow, which, in turn, makes @ also time dependent. The

dispersion equation is solved numerically for the parameters taking S=0 and the real parts of the dispersive
curves, respectively, are plotted in Fig. 1.The plots show that the magnitude of the frequencies of Alfvénic-

like fluctuations differ substantially from the DW frequency for all values of K, . Consequently, the
Alfvénic-like and DWs are linearly coupled solely by the nonresonant channel at sizeable shear flow rates.
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Fig. 1. Dispersion Curves.

Figure 1 shows that maximum values of frequency for the least stable DW mode are achieved at
Ky /K; ~1. Thus, and the trapped-particle instability has no significant influence on the dynamical

phenomena.
According to Eq. 14 in the shearless limit, when the axial vector potential is comparable to the

electrostatic potential i.e., at Ky / K; >>1, DWs have a small electromagnetic component that arises from
the parallel plasma current. However, as Ky / K, Ry—0, DWs become electrostatic. As to the other two

modes, they are Alfvénic-like with high frequency and have dominant magnetic fluctuations for all Ky .
Next we will analyze the coupling of the DW mode with these Alfvénic-like modes.

4. TRANSIENT GROWTH AND MODE COUPLING
Spectral Fourier harmonics dynamics are studied by numerically solving the three complex time
evolution equations 8, 9, and 10. Separation of the fields into the real and imaginary parts is made in the
following way (Aburjania et al, 2006):
O = +19,, A=A +IA,, N, =N;+IiN,, (15)
For each Fourier harmonics we will have:
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Equations 16-18, together with the appropriate initial values, pose the initial value problem describing
the dynamics of a perturbation SFH. The character of the dynamics depends on which mode SFH is initially
imposed in the equations: pure DW SFH, one of the Alfvénic wave SFH or, or a mixture of these wave
SFHs. Let us concentrate on the linear dynamics when we initially insert in Eqgs. 16-18 a SFH nearly

corresponding to a DW perturbation with wavenumbers satisfying the condition Ky (0)/K, >>1. The

numerical simulations are performed using the MATLAB numerical ordinary differential equation solver.
Note that the action of the flow shear on the dynamics of DW SFH at wavenumbers Ky (0)/ K, >>1is

negligible.
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Fig. 2. The evolution of a single SFH

The simulations reveal a novel linear effect - the excitation of Alfvénic-like fluctuations - that
accompanies the linear evolution of DW mode perturbations in the ZF. Mathematically, the problem is
equivalent to time-dependent scattering theory in quantum mechanics. By using a 3x3 matrix representation
of the system, formal solutions can be written in terms of the time ordering operator and exponentials of
matrices.

The evolution of the initial DW SFH according to the dynamic equations (12) for the ionospheric

parameters is presented in Fig. 2. Recall that Ky changes in time according to Eq. 14: the shear flow

sweeps Ky to low values and then back to high values but with negative Ky / K, . While Ky / K; >>1,

the DW SFH undergoes substantial transient growth without any oscillations and the magnetic fluctuations
are small. Significant magnetic field fluctuations appear when Ky /K7 =1. While Ky /K, =1<0, the

DW SFH generates the related SFH of Alfvénic-like wave modes through the second channel of the mode
coupling. This generation of Alfvénic-like wave modes is especially prominent, where significantly higher

frequency oscillations of all the fields are clearly seen at times when Ky /K, =1<0. A substantial
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transient burst of the electron thermal energy, electron density of fluctuations is evident and an appearance of
Alfvénic like fluctuations.
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Fig. 3. The evolution of total energies of perturbation SFH

Figure 3 shows the related dynamics of the different energies. It indicates a substantial transient burst of the
electron thermal energy of fluctuations and an appearance of Alfvénic like fluctuations.

4. CONCLUSIONS AND DISCUSSION

Drift-Alfvén waves are investigated in plasma with a significant level of background sheared flow.
Magnetically confined plasmas in laboratory experiments, space physics, and coronal loops are examples
where sheared flows occur.

We show that the linear dynamics of DWs are qualitatively changed by the presence of sheared flows
when the shear normalized parameter S approaches unity and, consequently, there is strong excitation of
magnetic fluctuations by the drift wave—shear flow system. The shear flow induces transient growth/bursts
along with complex temporal wave forms and generates Alfvénic-like fluctuations from DWs. We show that
the trapped-particle or any classical DW instability is far slower than these transient bursts and has no
notable influence on the dynamic processes for the ionospheric parameter values. The frequency of the bursts
is determined by the frequency of the generated Alfvénic-like waves Fig. 1. The frequency of the bursts
depends only on the value of velocity shear parameter.

The complex linear dynamics are a result of the shear flow continually sweeping the wavenumber of the

DW SFH Ky to low values and then back to high values. In this time-dependent sweeping of Ky , the DW

SFH undergoes substantial transient growth and, when Ky /K7 <0, it generates the related SFH of

Alfvénic-like wave modes illustrated in Fig. 2. The linear mode coupling channel universally leads to energy
exchange between different perturbation modes at high shear rates. Flow non-normality induced mode
coupling is related to the abrupt changes in magnetic turbulence during L-H transitions.

The energy evolution is easily produced by integrating the linear system of coupled field equations (see
fig. 3). For sufficiently low values of the shear flow, the coupling becomes weak and the usual Doppler-
shifted, well-separated modes of the linear system are recovered.

In space physics the effect is associated with sheared Earthward flows in the nightside plasma sheet that
are driven by enhanced solar winds with southward embedded solar magnetic field components. Spacecraft
in the plasma sheet measure high speed sheared flows driven by the convection electric field. Enhanced
magnetic fluctuations associated with these flows are also observed. It remains to make a quantitative
analysis of the magnetospheric problem. Finally, note that nonlinear simulations showing the growth of
vortex structures out of the linear transients. Further nonlinear studies are being planned for the laboratory
and space physics settings of this qualitatively new phenomenon.
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Bansinve KpynmHOMAaCIITAOHBIX 30HAJBbHBIX TEYEHNI HA
CPABHUTEJIBHO MEJKOMACIITAOHBIX YJIbTPa HU3K0YACTOTHBIX (YHY)
3JIEKTPOMATHUTHBIX BOJIH B MOHOC]epe B IPUCYTCTBUH
HEOJHOPO/IHbIX 30HAJIbHbIX BETPOB

X.Yapraszua

Pe3rome

Uzyuena BimsHUE KPYyNMHOMACHITAOHBIX 30HAILHOTO TEYCHUS M MArHUTHOTO IOJISI Ha CPAaBHUTEIHHO
MEJIKOMACIITA0HOTO yIbTpa HHU3KOYACTOTHBIX (YHY) 5SneKTpoMarHWTHBIX BOJH B JAHCCHIIATHBHON
noHoc(epe B MPUCYTCTBUH HEOAHOPOIHBIX 30HAJIBHBIX BETPOB. B 3KCIepHMEHTax IOKa3aHa IOSBICHUE
IIUPOKOTO CHEKTpa AJIbBEHOBCKUX (IIIOKTYyallMd OT JJIEKTPOMArHUTHON Ipei(oBoil TypOYJIEHTHOCTH H
BO3MOXXHOCTb MAarHUTHBIX (DJIFOKTyalluid B CIBHTOBBIX TEUYECHHUsX. B 1aHHOW paboTe ommcaHa ojHa
TEopeTHYecKas BO3MOXKHOCTh T'eHEepaluy 3JIeKTpoMarHuTHhIX Guroktyaunu B 3T (3oHanbHOE Teuenue) — JIB
(npeiidoBas BoHa) cucteMe. [Ipy CIBUTOBBIX TEUSHHUAX ONEPATOPHI TMHEHHBIX 3ajlau HE SIBJISIOTCS B3aiiMHO
COMPSKEHHBIMU M B CIIICTBHH, COOTBETCTBYIOIINE COOCTBEHHBIE (DYHKIIUH HE SIBJSIFOTCS OPTOTOHATIBHBIM.
HeopToroHanbHOCTh BBI3MBAET JMHEHHBIA TPaH3UEHTHBIA POCT BO3MYLIEHUH C IMyYyKaMd U B3alMHYIO
TpaHCc(HOPMALIMIO BOJTHOBBIX MOJI, YTO IIPUBOAUT K I€HEPALIMIO AIIEKTPOMAarHuTHBIX BoJH B 3T— JIB cucteme.
IToxa3aHo, 4TO TpaH3UEHTHBI POCT BOJHOBBIX BO3MYIIEHHUH CYIIECTBEHHO NPEBOCXOJUT KJIACCUYECKUMI
JUCCHUITATUBHBIH POCT HEYCTOMYMBOCTH 3aXBAaYEHHBIX YaCTHUI] CHCTEMBI. M3mydeHHe 3IIeKTpOMarHUTHBIX
¢mokryaunii B 3T— JIB cucteMe NpUBOAMT K 3aTyXaHHUIO MEJIKOMAcIITaOHOH TypOyJIeHTHOCTH.
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