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Abstract

In the present work, the generation of large-scale zonal flows and streamers by
modulationally unstable short-scale drift-Alfven waves in the ionosphere is investigated.
Positive feedback in the system is achieved via modulation of the skin size drift-Alfven waves
by the large-scale zonal flow. The conditions for the instability development and possibility of
the generation of large-scale structures are determined. The instability pumps the energy of
primarily small-scale Alfven waves into that of the large-scale zonal structures which is
typical for an inverse turbulent cascade. Energy pumping into the large-scale region
noticeably depends also on the width of the pumping wave spectrum and with an increase of
the width of the initial wave spectrum the instability can be suppressed. It is assumed that the
investigated mechanism can refer directly to the generation of mean flow in the atmosphere of
the rotating planets and the magnetized plasma.

Key words: Skin-size perturbations; Small and large scale turbulence; inverse
cascade; Zonal flow; large scale magnetic field; pumping of energy with respect to scales.
Reynolds and Maxwell stresses.

Introduction

Large scale coherent structures such as zonal flows and streamers can play important
roles in transport behavior of magnetized plasmas. They present the integral parts of the
collective activity of the majority of the planetary atmospheres and are manifested in the form
of the large-scale low-frequency modes, propagating along the parallels (Busse, 1994; Aubert,
et al., 2002). In toroidally enhanced plasmas, radially localized and poloidally elongated zonal
flows can suppress (Lin et al, 1998; Li and Kashimoto, 2004), but poloidally localized and
radially elongated streamers can enhance (Diamond et al, 2001; Yamada et al, 2010), the
radial particle transport. There is evidence that these coherent structures are excited by drift
and/or Alfv’en type of waves and the corresponding turbulence at time scales below the ion
cyclotron frequency (Smolyakov et al, 2000; Kaladze et al, 2005). Earlier studies have
focused mainly on waves with spatial scales larger than the ion gyroradius.

On the other hand, oscillations with spatial scales smaller than the ion gyroradius, such
as the small-scale drift-Alfv’en waves (SSDAWSs), can also efficiently drive coherent
structures (Kaladze et al, 2007). In particular, it is found that pump SSDAWSs propagating in
the poloidal direction can excite zonal flows most efficiently (Kaladze et al, 2007), and the
SSDAWSs can be in either the electron or ion diamagnetic drift directions. However, up to
now there is little investigation on the generation of streamers by SSDAWS.
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The previous authors made the trials of investigations of the special features of the
zonal flow generation by means of drift-Alfven type fluctuation on the basis of three
sufficiently simplified models, describing nonlinear interaction between these modes: the
first, a class of the models in which the effect of the ion temperature is negligible and only the
effect of the so-called finite Larmor radius of ions according to the electron temperature
(Guzdar, et al., 2001; Lakhin, 2003) is taken into account; the second model, where both
disturbances, the primary small-scale as well as the large-scale zonal disturbances, have
characteristic scale less than a Larmor radius of ions p; (Smolyakov, et al., 2002); and the
third class of the models, where finite Larmour radius of ions are considered neglecting the
skin size inertial effects (Lakhin, 2004; Mikhailovskii, et al, 2006 b; Shukla, 2005; Kaladze et
al, 2013). Although in the work (Pokhotelov, et al., 2003), generation of the zonal flow was
studied by inertial Alfven fluctuations. But, it was made in uniform plasma neglecting
finiteness of a Larmor radius of electrons, ions (T,, T; — 0). One of the important wave
modes in non-uniform magnetized space (Stasiewicz, et al., 2000; Sahraoui, et al., 2006;
Narita, et al., 2007) as well as in laboratory (Gekelman, 1999) plasma media are
electromagnetic small-scale drift-Alfven (SSDA) modes with the transverse wavelengths,
small in comparison with a Larmor radius of ions (Aburjania et al, 2009) These small scale
fluctuations can generate large-scale zonal modes and streamers in the space and as well as in
the laboratory plasma. Moreover, the contemporary theory of anomalous transfers
(Kadomtsev, Pogutse, 1984; Aburjania, 2006; Aburjania, 1990) predicts, that the anomalous
thermal conductivity and diffusion in the plasma medium may be stipulated, in essence, by
the processes with the characteristic wavelength A, of the order of collision-less skin length

Ay, A, =2n/k, ~A, =c/mp,, Wherek  is transversal (according to external equilibrium

e . /2.
magnetic field) wave number of perturbations, wp, = (47te2n0 /me)1 is a plasma frequency.
In this connection, description of the nonlinear wave processes on the scales A, ~ A, <p;

appears necessary.

In this paper we consider excitation of streamers from modulational instability of
SSDAWSs. A nonlinear equation describing the coupling of coherent structures and SSDAWS
propagating in arbitrary directions is obtained.

1. Initial dynamic equations

The nonlinear equations describing the coupling of the SSDAWSs with coherent
structures in terms of the scalar potential ¢ and the parallel component A of the vector

potential are (Aburjania et al, 2009)

%AJrv*e %Am(u V022 %ALA =0, (1)
VZ
3<|>+v*i % _ Ve AV AL A=0. )
dt oy cCt
Here V,o; =FcT,;x, /(eB,) are electron and ion drift velocities respectively, where subscript
“e” means electrons and “i” means ions; Vi, =(T,/ me)ll 2 — electrons’ thermal

velocity; t=T,/T;, V| :8/82—851(VA><V)Z. Getting (1), (2) ion longitudinal motion is
neglected and it is supposed that longitudinal currentJ, are caused by plasma electrons,
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For threee-wave interaction involving a pump SSDAW and their satellites (secondary SS
modes) we can write:
X=X+X+X, (3)
where
X :z[>2+(k)e>qo(ik-r—i@kt)+>"i_(k)e>qo(—ik-r+imkt)], (4)

describes a spectrum of SSDA initial pumping modes, k = (k k,), ®-wave vector and

X! y!
frequency of the initial modes, amplitude satisfies the condition X_ = >~<i where asterisk
indicates a complex conjugation,
X =3 |X. (K)exp(ik, -r—io,t)+X_(K)exp(ik_-r+io t)+cc), ()
k

describes the small scale satellite (secondary) modes and

X =X, exp(-iQt+ig-r)+cc., (6)
describes zonal flows. Laws of energy and impulse conservation is written in the next form:
o, =Q*o, and k, =qg-rxk, respectively. Thus, the pairs (o, ,k)and (Q,q- r)represent
frequency and wave vector of SSDA pumping modes and zonal flows, respectively.
Amplitude of the zonal modes X, = (A,,d,) is considered to be constant in local approach.
Since the coherent structures are perpendicular to the external magnetic field we have q=q; .
Further analyze will be carried out in the frames of the standard
approximationq, /k, <<1,Q/w<<1.

1.1 Generation of the zonal flows by SSDAWSs

If we consider a case when q, =0, ei.q, =q,, following the standard quasi nonlinear

procedure, substituting the expressions (3)-(6) in the equations (1), (2) and neglect small
nonlinear terms with high frequency modes we obtain the coherent structures — the zonal
flows:

cTk, k2 ~
(o — o), (K) —— 2L A, (k) =0, (7)
TEe Ng
k,c(l+ 7)o, (K) -[mk(1+k273)jA (k)=0. ®)
2 2 2
(coJr+0)*|)(j)+ &Ai =Fal . C-I-ikz(kzi2 dx) ’ )
N b k,(L+ 1)
Tk, c(l+1)d, +[A+ k322w, FouJA, =Fa|l-a D Kk . 10
@+ 1) +[( s) A, =Fo4 TR v— (10)
- cT.q2
i = 5Tk Ry (K). (12)
4me’n,B, k
—iof+ 22 A, Mzksz(k)JriqxxizkyRs(k). (12)
By « By k

Here
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1+t+ki22 ic ~ - ic ~
Qo =T 0 =k G Db, 0 = kTl Ao

o 1+r+q§k25 0 - 0
Ri(K)=q,(A A, —AA J+2k, (A A +AA )R, =68, -5,
. N ck, (1+t .

5, =A, - (17) ®.

: (1+ kiksz)(ok — g
RS = ki (A+(’I\)— + ¢—A+ _A—(’I\)+ - ¢+A— )+ q>2( (¢—A+ - ¢+A—)+ 2qux (¢—A+ + ¢+A—)'
1.2 Dispersion equation of the large scale zonal flows and magnetic fields

Using the above expression general dispersion relation can be obtained:

o = Ldid_)o +L1A, (13)
Ay =LY, + LA, . (14)
where
(L¢ L2 L LA):Z(If’ IlA’ Ig’ I?) _ (15)
ot B2 b2 )T (Q-qXVg)2
Here V, =V, (k) - zonal group velocity, defined by equality bellow:
V. - 2k, (0o, — oy )[(1+ kiki)u)k —w*e] | (16)
T K2 204+ k2A2 oy — (14 K202 fos; —
And the functions (Ii’ 12,18, I@) denote
qyk ((Dk — O )ro2
1§ = (1+7) 22 ~R?, (17)
KD [+ k222 oy — o [l + K222 ooy — (14 K222 Jouy — 0

A qukx ((Dk_(D*i)rO2 A

_1 R (18)
1 2 b "M
C koKD [201+ k222 oy — 1+ K222 Jouy — v |
2
kzro{(lﬂ)Rg PO o km)Rg}
19 =c(l+1) , (19)
i [0+ K222 Jo,, — e |- [21+ K222 Joe — (14 K232 Yooy — e [
2
rg[Rg\ s Rg]

IA = —(1+ T) ! (20)

i [P+ k222 oy, — (14 K222 Yo — 0 [

where

CZqZkZ

0= gz (22)

0
From the closed system of equations (13) and (14), we simply get the dispersion equation
for large scale zonal flows and the magnetic fields:
1- (L +14)+ L35 — L4 L2 =0, (22)
The dispersion relation of the zonal modes (22) allows an investigation of their generation

via continuous spectrum of the initial modes with skin scale, which is the main subject of the
traditional theory of such generation, which uses a Kkinetic equation for the waves,
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summarized in (Diamond, et al., 2005). Thus, the approach developed in section 3.4, based on
dynamic equations of magnetic hydrodynamics of the ionosphere, is an alternative to the
approach in (Diamond, et al., 2005) and in our opinion, is more convenient in to realize, also
in the interpretation of results obtained based on them. It’s obvious that the dispersion relation
(22) represents bisquared equation according toQ —q,V,. However, as it will be shown

bellow, this equation can be reduced to a squared one for a very interesting range of
frequencies Q of the zonal perturbation.

1.3 Generation of the streamers by SSDAWSs

Let us consider the case of coherent structures ¢, = 0. We define an angle between the
direction of pump wave SSDAW k, and x radial direction 0,, angle between k, and
direction of the coherent structure q, - 6,. Therefore, zonal flows and streamers correspond

to 6,=0"and 6, =90, respectively. For 6,=0"and 0, =90, it corresponds to oblique
coherent structure.

— iVZp? .
(Q — o} )CDO = _ﬁ?[(kka B k+xky )(ki - kii )AkAk+ (23)
—(kyk_y - k_xky)(ki —kEL)AEAk_];
— ic 1 . .
(Q-0f)A0= —B—O[u;)[(kka —K, Ky ) (ADy, — Ay, D) 20
—(keky =Kk ) (A@y —A Dy )I;
Where
(D*i,e = V*i,eky1 (Dgi,e = *i,eqy’ mfi,e = V*i,ekiy’
ic 1 —
o= —B—O(1+;J(kyqx —kqu)q)k,
+ + k2
D, =(0. -0 )( 0, -0, | -5 (0, —0, (0 — 0, ).
ki
We can obtain the coupling equations for the coherent structures:
1
—2(Q—m*i)D+D_ —aly ayly, —
@g; Do
L E_ J =0, (25)
byly, —(Q-0,,)D,D_—byl,, [\A°
i
Eq. (25) gives the general dispersion relation of the coherent structures
%(Q—a)*i )D,D_—aly %(Q—m*e)D+D_ —b,l,, [+a,bl,l,, =0. (26)
i O

If the nonlinear term |B.1/Bo|2 is small and can be neglected, Eq. (26) is reduced to
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D?D? (Q-o )(Q-0f ) =0, (27)
whose solutions are

T2
QZi:l(—bi 0?—4c._), (28)
2
Q, =),
Q, =0,

Where

0 _ 0
b, =+(20) — 0, — 0, ) — 0y — O,

Ci = i(’OSI ((Dk —w*e)iﬁ)ge (0)k _0)*9)+0‘)Si0)2e
1
_E(qiiZkL-qL)(mk —0,) (0 — s ),

where Q,, and Q,, are the solutions of D+= 0 and D-= 0, respectively.

Discussion of the results and conclusion

In this work, the features of the generation of large scale zonal flows and the streamers
due to small scale drift Alfven (SSDA) turbulence in the ionospheric plasma medium are
investigated. Two self-consistent interconnected nonlinear equations (5) and (6), determining
electrostatic and vector potentials describing the dynamics of the wave structures with finite

ion Larmour radius. They are valid for the structures till the skin scale (kiczlmﬁe ~1).

Analysis of these structures was carried out in the frames of nonlinear parametric formalism,
analogous to the theory of convective cells generation due to monochromatic pumping waves,
but generalized in the sense that instead of separate monochromatic packet we investigated
the initial waves arbitrary according to spectrum width. Such modification of the parametric
approach reveals a new feature of the interaction of the small scale and the large scale modes .
As in the majority of preceding works, we suppose the existence of some linear or nonlinear
mechanisms of initial mode excitation responsible for growth of their amplitudes above the
fluctuation level. Due to competition between linear and nonlinear effects, some stationary
state of the initial waves will form. Herewith, we consider that zonal mode generation treated
by us takes place at the end of the corresponding initial modes’ stationary level formation.
These initial modes have real frequencies.

It must be mentioned that zonal mode generation by SSDA pumping waves is possible

(see eq. (26), only at drift effects (w.,; #0), but the initial nonlinear equations of these

modes (5) and (6) are valid also neglecting these effects, i.e., for uniform plasma.

It is established, that SSDA of the skin size as well as comparably long wavelength one,
effectively generate the large scale zonal flows and the streamers. These modes will be
excited due to joint nonlinear action of the Reynolds and Maxwell stresses. Physical reason of
the zonal flow generation due to electron drift modes represents Reynolds stress. As it comes
to quasi electromagnetic ion-drift waves, they as well as kinetic Alfven pumping in uniform
plasma, can not excite the large scale zonal modes as a result of whole compensation of
moderate Reynolds stresses with Maxwell’s ones.
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We suppose, the mechanism discussed in this work is applicable for theoretical
foundation experimentally observed mean flow generation in the atmospheres of the rotating
planets and in magnetized plasma. On the one side, it can play a definite role in boundary
layer Alfven turbulence formation (Pokhotelov, et al., 2003). On the other side, parametric
instability can cause shear flow generation in laboratory plasma where it can sufficiently
impact the drift plasma turbulence and suppress the transfer processes (Smolyakov, et al.,
2000; Manfredi, et al., 2001). Thus, this instability can be one of the main nonlinear saturation
mechanisms of amplitudes of the wave perturbations in space and laboratory plasma.

This study developed a general nonlinear dispersion equation to describe the
generation of coherent structures by SSDA modes. For the meso-scale streamer
structure (B.n = 90°), it is found that its excitation comes from either the nonlinear
coupling between two branches Q. and Q,_ for the ion diamagnetic-drift pump wave,

or two branches Q;_ and Q. for the electron diamagnetic-drift pump wave. The

excitation is most effective when the pump SSDA mode propagates at Opymp ~ 30

The study compared the streamer excitation to the zonal flow excitation. It is
shown that like the streamer case both ion and electron diamagnetic-drift pump modes
can drive zonal flows. However, the strongest excitation of zonal flows happens at the
angle different from that for streamer excitation. Therefore, it proposed that the
generation of coherent structures depends strongly on Opump.

The theory which is developed in this work is applicable for nonlinear dynamics of the
ionospheric Alfven resonator (IAR). Ground-based observations of mid-latitudes (Belyaev, et
al., 1990; Bosinger, et al., 2002), high-latitudes (Belyaev et al., 1999; Demekhov, et al., 2000)
and satellite observations (Grzesiak, 2000; Chaston, et al., 2002) convincingly verify the
existence of IAR in the upper ionosphere. Results of ionospheric measurements indicate also
(Stasiewicz, et al., 2000), that Alfven waves excited in the IAR actually are not seen as small
amplitude linear waves. They always have comparably large amplitudes and represent eigen
modes of AR in a strongly nonlinear state. Let’s estimate effectiveness of the mechanism
considered for 1AR regions (Pokhotelov, et al., 2003). For characteristic parameters of 1AR

(Pokhotelov, et al, 2003): E~1072v/im, B, ~3x10°T, A,~100m, Kk, A ~1,
0 S S

dy ~ 0.01k,, we get y,y ~10° s™'. Thus, the considered parametric instability pumps

energy of SSDA pumping waves into the energies of the large scale zonal flow or streamers in

~10"°seconds. A more detailed qualitative comparison of the theoretical results obtained
through the observed and experimental data is outside the scope of this work and is a subject
for a separate publication.

Thus, our analysis shows that the parametric instability in the ionosphere is developed
simply, and can become a sufficient nonlinear mechanism of energy pumping from small-
scale drift Alfven turbulence into large-scale (or meso-scale) zonal flows and the streamers.
Such energy distribution leads to a small-scale turbulence level decreasing and to noticeable
weakening of anomalous transfer processes in the medium. So, parametrically excited meso-
scale flows can present sufficient parts of elements of the structural plasma turbulence in the
ionosphere and lower magnetosphere of the Earth.
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I'enepanus 30HAJBHBIX TEYUCHUH U CTPUMEPOB MEJIKO
MACIITA0HBIMHU JApei(Poro AJibBEeHOBCKMMH BOJIHAMU B
HOHOC(hepHOH TU1a3Me

X. Yapra3us

Pe3rome

B pabote u3yuena reHepanusi KpylmHOMAacIITaOHBIX 30HAIbHBIX TEUEHUH U CTPUMEPOB C
MOAYJIILIMOHHOM HEYCTOMUMBOCTHIO MEIKOMACIITAOHBIX IpeH(POBBIX AJIBBEOHOBCKHX BOJH B
noHoc(epHoil 1Iazme. BelsBieHa mno3uTUBHAs oOpaTHas CBsI3b MEXAy JApeilpoBBIMU
ANbBEOHOBCKMMH BOJIHAMH CKMHOBOW TOJIIIUHBI U 30HAIBHBIMU TeueHUsAMU. OmpeaeneHbl
YCIIOBUS pa3BUTUS HEYCTOMYMBOCTHM M TE€HEpaluy KPYIMHOMACIITAOHBIX CTPYKTYP.
HeycroitunBocTs ompenensier MNepekauky »JHEPrud € MEJIKOMAaclITaOHbIX Aper(oBbIX
AJNBBEOHOBCKHMX BOJIH B 30HAJIBHBIX TE€UEHUH, YTO CBOWCTBEHHO TYpOYJIEHTHOMY OOpaTHOMY
kackany. Ilepexkauka sHepruM B OTHOCHTEIBHO KpyMHOMAacHITaOHON 00JacTh 3aBUCHUT OT
UIMPUHBl CIIEKTpa HAYaJbHBIX BOJIH, C POCTOM KaTOporo HEYCTOMYUBOCTH YOBIBaeT.
PaccMoTpeHHBI MexXaHM3M MepeKaykd SHEPruH MOXKET ObITh HCIOJb30BaH s ciydas
reHepanuu (QOHOBOrO Te4YeHHMs] B arMocdepax BpallalolIMXCs IJIaHeT, a Takke JUIs
MAarHUTHBIX MTOJIEH.
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