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Abstract. This paper investigates the macroscopic conse-1 Introduction

quences of nonlinear solitary vortex structures in magnetized

space plasmas by developing theoretical model of plasmaturin a dispersive medium, especially in space, astrophysical
bulence. Strongly localized vortex patterns contain trappedand laboratory plasmas, the various localized wave struc-
particles and, propagating in a medium, excite substantiatures could often generated and developed to the nonlinear
density fluctuations and thus, intensify the energy, heat andtage (Horton, 1990; Chmyrev et al., 1991; Petviashvili and
mass transport processes, i.e., such vortices can form strorRokhotelov, 1992; Tu and Marsch, 1997; Sudkvist et al.,
vortex turbulence. Turbulence is represented as an ensen?005; Alexandrova et al., 2006; Aburjania, 2006). Investi-
ble of strongly localized (and therefore weakly interacting) gation of nonlinear interaction of wave structures with each
vortices. Vortices with various amplitudes are randomly dis- other and with the medium is very important. Nonlinear in-
tributed in space (due to collisions). For their description, ateraction of wave structures can be described as interaction
statistical approach is applied. It is supposed that a stationef localized structures or as a separate wave harmonics. In
ary turbulent state is formed by balancing competing effectsccertain conditions, this interaction leads to the chaotization
spontaneous development of vortices due to nonlinear twistef phases both of the structures and waves. As a result of
ing of the perturbations’ fronts, cascading of perturbationschaotic dynamics of the wave structures, the macroscopic
into short scales (direct spectral cascade) and collisional omotions usually occur in a turbulent regime.

collisionless damping of the perturbations in the short-wave |n g real non-uniform magnetized plasma medium, the
domain. In the inertial range, direct spectral cascade ocCUrpresence of spatial gradients (equilibrium density, temper-
through merging structures via collisions. It is shown that in atyre, etc.) transverse to the magnetic field leads to diamag-
the magneto-active plasmas, strong turbulence is generallijetic drift currents (Horton, 1990). The collective motion of
anisotropic Turbulent modes mainly develop in the directionparticles arising due to the diamagnetic currents in such sys-
perpendicular to the local magnetiC field. It is found that it tems Stimu|ates the development of |0w_frequency dnft in_
is the compressibility of the local medium which primarily stapilities. Actually, results of the experimental observations
determines the character of the turbulent spectra: the strongf the spectra of low-frequency fluctuations in the magneto-
vortex turbulence forms a power spectrum in wave numbersphere (Sahraoui et al., 2003, 2004, 2006; Mangeney et al.,
space. For example, a new spectrum of turbulent fluctuationgoog: Alexandrova et al.,, 2006:; Narita et al., 2007), iono-
in k%3 is derived which agrees with available experimental sphere (Lysak, 1990: Chaston et al., 1999; Stasiewicz et al.,
data. Within the framework of the developed model particle 2000; Abel et al., 2006) and experimental plasma devices
diffusion processes are also investigated. Itis found that thgerowley and Mazzucato, 1985; Brower et al., 1987; Weis-
interaction of structures with each other and particles causegen et al., 1988; Gekelman, 1999), show that the observed
anomalous diffusion in the medium. The effective coefficient f|ctuations with the significant amplitude are produced due
of diffusion has a square root dependence on the stationany the development of drift-Alfgn instability. One of the in-
level of noise. dications of the instability evolution in magnetized plasma is
the shaping of the ordered wavy structures or vortexes, whose
collective activity can finally lead to the formation of the tur-
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Following its own logic of development, in the sixties of spectrum depends neither on instability , nor on the damping
the last century, the plasma turbulence theory was based atypes (Frost and Moulden, 1977; Biskamp, 2003). Experi-
the weak turbulence model when only the weak interactionmental investigations of turbulent motions, in particular, of
between modes due to nonlinearity was taken into accountemporal (in frequency domain) and especially, of spatial (in
Within the framework of this model, it was possible to ad- wave number domain) turbulent spectra in space plasma gave
dress a wide range of questions and explain a number ofip to now only limited results, although sometimes very in-
important nonlinear phenomena (Kadomtsev, 1967; Hortonteresting but without establishment of cause-effect coupling
1985; Galeev and Sagdeev, 1996). The weak turbulence thdsetween them, and without the proper theoretical foundation.
ory was developed by expansion of the basic equations for In recent years, in these experimental investigations, An
plasma with respect to a small parameter — the ratio of theessential step was made recently (2000) with the launch of
fluctuations’ energy to full energy of plasma. four “CLUSTER” satellites (Sahraoui et al., 2003), separated

Unfortunately, in many interesting cases, the area of apfrom each other by the distances approximately from 100 km
plicability of the weak turbulence theory in inhomogeneousto 2000 km or more, depending on the period of the mission.
magnetized plasma is limited because of the strong couplinghe analysis of some observations and measurements made
of modes, and thus development of a strong turbulence theby Cluster was published in recent papers (Sahraoui et al.,
ory becomes necessary. In particular, anomalous diffusior2004, 2006; Sudkvist et al., 2005; Mangeney et al., 2006;
of plasma is related to the strong turbulence in the mag-Alexandrova et al., 2006; Zimbardo, 2006; Narita, 2007).
netic field. Therefore, in the 1970s, the primary attentionin particular, the basic features of low-frequency turbulent
in plasma turbulence theory gradually shifted to the stronglystate formation were thoroughly investigated. for the magne-
nonlinear waves and strong turbulent states (Litvak, 1983tosheath, shock wave and the high latitude cusp regions The
Goldman, 1984; Shapiro and Shevchenko, 1985; Petviashvilexistence of a relatively small-scale (of the order of collision-
et al., 1987; Biskamp, 2003). less electron skin depth), ultra low frequency (ULF) Af

According to the existing understanding, in each specifictype wave structures (0.1-10 Hz) was demonstrated for the
situation the strong turbulence represents to some extent first time. The power law frequency spectrum of the energy
mixture of interacting waves and organized nonlinear struc-of turbulent pulsations ( f)~ f ~'/3 and a new power spec-
tures (vortices). Depending on the interaction between fregrum in a wave number spa¢e8/3were found (Sahraoui et
(weakly turbulent) waves and structures, the strong turbu-al., 2006; Mangeney et al., 2006; Narita et al., 2007).
lence can be either mainly of wave type, or structural (vor- The paper is devoted to the development of a theoretical
tical, granular) type (Diamond and Carreras, 1987). Here-model of the stationary strong vortex turbulence in space
with, these structures absorb free energy of plasma more eblasma, and in particular, to the self-consistent model ca-
fectively than the linear waves (Dupree, 1972; Waltz, 1985;pable to explain the experimentally observed frequency and
Sagdeev et al., 1986). So the strongly localized vortex strucspatial spectra of turbulent pulsations (Sahraoui et al., 2003,
tures containing the trapped particles, propagating in plasmag004, 2006; Mangeney et al., 2006; Alexandrova et al., 2006;
can trigger the strong turbulence and increase the transport @{arita, 2007). The paper is organized as follows. In Sect. 2
heat and plasma patrticles. we obtain the initial nonlinear equations describing the dy-

The canonical representation of turbulence usually assum@aamics of the formation of the skin size solitary drift-Agfi
the existence of three, interconnected regions of interactiowortex structures in magnetized space plasma. Analytical so-
of wave structures with each other and the medium. Theution of these dynamic equations is derived and basic char-
first is a seed or generation region where the developmenécteristics of ULF linear and stationary nonlinear A&fwor-
of large-scale wave structures is initiated. The second igex structures are revealed. Features of vortex turbulence
an inertial region where the perturbation energy is cascadgeneration for ULF electromagnetic drift-ABn modes are
ing from long to short scales. As a rule, the energy trans-discussed in Sect. 3. Spectra of electromagnetic vortex fluc-
fer process (across different scales) is nonlinear. The thirduations are found in Sects. 3.1 and 3.2. The corresponding
region is the damping one, where the energy dissipation otoefficient of anomalous diffusion which depends both on
small scale structures, and accordingly, heating of mediumthe amplitude and dispersive characteristics of a considered
occurs. This process can be considered as a mechanism @fode is determined in Sect. 4. At last, in Sect. 5 the basic
transition to the stationary turbulence. In the generation reresults of the work are discussed and summarised.
gion, the stationary spectrum is formed by a balance of the
influx of perturbation energy (for example, due to due to the
excitation of some instability) and its outflux due to nonlin- 2 The initial equations and dynamics of nonlinear vor-
ear cascade. along the spectrum. . In the damping region, the tex structure formation
process occurs via the balance of energy influx due to spec-
tral pumping and outfluxes of energy due to dissipation. ButWe assume that the equilibrium state of magnetospheric
in an inertial region, balance for a given mode occurs becausplasma is characterized by single charged ions and quasine-
of nonlinear energy cascade. In this region the fluctuationdutral particle densities, which are inhomogeneous along
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the x-axis ¥njol|x, j=e,i). Temperatures of electrons the 1988 Aburjania paper, describing drift-Adfir structures,
T, and ionsT; (VT,, VI;=0; T,>T;) are assumed to can be reduced to the following form:

be homogeneous. Inhomogeneity of equilibrium density 9A ,do
(no(x)=n.o(x)=n;o(x)) is supported by external sources — + V,,— +c(1+ 1) V¢ — A —ALA 0, 3)

(for example, an external electric field, volumetric forces, dy Sdi

etc.). An equilibrium magnetic fiel®g is considered to be d 3 V2

homogeneous and directed along the z-aRis|¢). —O(p + Vi — LA AEVHALA =0. (4)
From the point of view of strong turbulence, one of the dt 9y ’

most important types of waves in magnetized space (LysakHere Viei=FcT,.i38/ (¢Bo), & =0Inng (x) /ox,

1990; Chaston et al., 1999; Stasiewicz et al., 2000; Sahraow;,=(7,/m,)*? — electron thermal velocityr=7,/T;,
et al., 2003, 2004, 2006; Mangeney et al., 2006; Abel eta | =32/9x2+92/9y?;
al., 2006; Alexandrova et al., 2006; Narita et al., 2007) as
well as in laboratory (Browley and Mazzucato, 1985; Brower @ — 9., c [V, V]., (5)
et al., 1987; Weissen et al., 1988; Gekelman, 1999) plasd! 0t :
mas are non-potential drift-Al&n waves. These waves have
comparatively low-frequencies (in comparison with ion cy- V| = % B [VA,V],. (6)
clotron frequencyw.;=eBg/m;c>3>w, where —e is an elec- < 0
tron chargem — ion massg light speedw — frequency of  |n order to obtain Egs. (3) and (4), ion parallel motion was
perturbations). Transverse wavelengths of these perturbaneglected and it was assumed that the parallel cureist
tions are of the order of collisionless electron skin depth carried only by electrong,=—cA | A /4.
sizeds, A1 =2m/k) ~Aks=c/w,., Wherek, is a transversal Equations (3) and (4) conserve the integral of enefy,
wave numbers of perturbations ang, =(4re?ng/m.)Y/? is
the plasma frequency (Kadomtsev and Pogutse, 1984; Waltz _}/ 2,2 2 _z< ¢
1985; Gekelman, 1999; Chaston et al., 1999; Mangeney e{E_Z [(VA) A AATHA 1%
al., 2006).

Let us consider the nonlinear propagation of low-
frequency small scalé.( ~A;=c/wp.) Alfv &€n perturbations
in such inhomogeneous magnetized plasma. We express t
perturbed electri& and magnetia fields through the elec-
trostatic potentialp and the z-component of the vector po-

2
) 7 (141) g02i|dr.(7)
Te
Thus, the system of Egs. (3—7) describes the nonlinear dy-
namics of drift-Alfven waves having spatial scales of the or-
tﬂeer of the skin size. The system of Egs. (3—7) will be applied
as a theoretical foundation for understanding of spacecraft
observations of electromagnetic ULF Aéfm type waves in
the magnetosheath (Sahraoui et al.,, 2006; Alexandrova et

tential A:
al., 2006; Mangeney et al., 2006) and the bow shock regions
10A (Narita et al., 2007).
E=—-Vgp — Pt (1)
2.1 Spectra of linear waves
B =VA; x e, (2)

After the linearization of Egs. (3) and (4), we obtain the fol-

lowing dispersion relation:
whereB| is the transverse component of the perturbed mag- gasp

netic f|eI<_j e; — unit vector along z- aX|s. Due to the pres- (,, _ ) [w(1+ kzkf)—we] — kLpszVA(l_’_ ), (8)
ence of inhomogeneous plasma density/dx#0, elec-

trons and ions participate in diamagnetic drift with velocities Here w, ;=k,V,; are ion and electron drift frequencies,
Vpj=ey(cTj/q;Bo)dng/dx (wheree, is unit vector along &, = (k2+k2)1/2 k., are perpendular and parallel (with re-
an axisy, j=e, i; go=—e, qij=e, e — elementary charge) spect to the external magnetic fie8g) wave numbers of per-
and Alfvén waves become coupled to a drift modes. Wavesturbations,V=Bo/~/47nom; is Alfvén speed. Equation (8)
are assumed to be quasineutral. The dynamics of nonlineadescribes mutual coupling of kinetic Al waves with drift
electromagnetic Alfén type structures in such plasma is de- waves in inhomogeneous space plasma. After neglecting the
scribed by the system of the equations presented in the papelift effects >>w, ;) Eq. (8) reduces to the dispersion rela-
by Aburjania (1988). In this paper, the vortex structures with tion for the kinetic Alfiven waves:

finite Larmor radius of ions are studied through the evolu- 5 .2

tionary equations, which are valid also for smaller-scale per¥ = wi /(L +kLAD), ©)
turbations § | ~As <p;, wherep;=(T; /m;w?)Y/? is the Lar- where w2=(1-+1)(k.Vak, pi)2. In an electrostatic limit
mor radius of ions). Below we will be interested in wave pro- (kz—>0),kthe disperéion Eq. (8) describes ion and electron
cesses with characteristic scales of the order of the electroarift waves:

skin length. Thus, one could use the Boltzman distribution

for the description of ions and the dynamic equations fromw; = w;, w2 = w. /(1 + kikf). (20)
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14 G. D. Aburjania et al.: Model of strong stationary vortex turbulence

In homogeneous plasma, in the casé-ek,=0 the solution  tion of the system (3), (4) finally will have the form:
=0 follows from Eq. (8), which corresponds to a convective

.o VTe

zonal flow or a zonal magnetic field. A(r,0) = o(r, 0)

The frequency and spatial characteristics of drift-Affv ¢
waves (Egs. 8-10) correlate well with the frequencies — —aBoro |:V_2 Ji(yr) _( +_2> _:| oSO
(0.1-10Hz) and the characteristic lengthe;-0.5—3.5, v2 Ji(yro) v2 )] ro ’
A~dg=c/wp.<T75km) of electromagnetic Algn type r <70 (11)
waves obtained in spacecraft observations (Sahraoui et al., '
2006; Mangeney et al., 2006; Narita et al., 2007). _ Vre _ Ka(vr)

It should be noted that the growth of linear Aéfiv pertur- Al 0) = c ¢(r.6) = aBoro K1(vrg) cost, r > ro. (12)

bations is possible for relatively long wavelengths , for ex-
ample, due to dissipation instability caused by an increas
of the effective medium viscosity during the scattering of
high-frequency waves on plasma particles (Mikhailovskii
and Pokhotelov, 1975). or due to the low-frequency modula
tion instability caused by the beating of two external high fre-

Here J,, K, are then-th order Bessel and McDonald’s
Sunctions respectivelyy is an eigenvalue specified by the
boundary-value problem generated by matching the first and
second derivatives with respectimf solution (11), (12) at
“the boundary=ro:

quency electromagnetic waves (Aburjania, 2007). Anothery J; (yro) K2 (virg) + VK1 (vrg) J2 (yrg) = 0, (13)
possible mechanism could be related with the temperature- o
anisotropic (mirror) instability (Sahraoui et al., 2006). andv is given by:
Vii —aV;
2.2 Self-organization of nonlinear solitary vortices V2 = ZV—/\ZTer > 0. (14)
Telg

In the course of development of the above mentioned instaThe solution (11-14) represents non symmetric Larichev-
bilities at the linear stage, the amplitude of the disturbanceReznik type cyclone-anticyclone double vortices (Larichev
grows exponentially with time. With an increase of ampli- and Reznik, 1976). The vortex structures have a definite
tude, the nonlinear effects become important, causing thgpeeds=a V7, along the y-axis, unlike the vortex from the
twisting of wave perturbation fronts. In a dispersive mediawork by Larichev-Reznik (1976), where the velocity repre-
like the magnetosphere and ionosphere (see expressions &ents a free parameter. From the condition of existence of the
10), the nonlinear increase of a wave twisting can be com{pcalized solution?=0 (Eq. 14) it follows thatr<V,; / Vre,
pensated by its dispersive spreading. Then, in the mediume. the structure is strongly elongated along an external mag-
the stationary solitary nonlinear waves-vortices, propagatinghetic field Bg. With the choice of parameters specified above,
without changes of its form can be created (Horton, 1990;4, ¢, A | A, A| p¢ appear continuous. The field of nonlin-
Petviashvili and Pokhotelov, 1992; Aburjania, 2006). ear structures consists of a cyclone-anticyclone type vortex
Let us show the validity of this concept by an example of pair of equal intensity, moving with velocity=« V7. along
an analytical solution of the nonlinear dynamic Egs. (3), (4) the y-axis and its front makes an angle with an external mag-
in the stationary regime. For this purpose, we shall substinetic field of the ordes<1. At large distances, the potential
tute into these equations auto-model variabtes —ur+az.  of the vortex structure decreases following the dependence
Hereu is the speed of the vortex motion velocity along the »~1/2 exp(—vr) (see the solution 12), i.e., itis strongly local-
y-axis,a~k;/k~Iy /I, — characterizes the vortex inclination ized in space. Thus, for space plasma conditions, the drift-
angle to the z-axis, Wherkvvlll, kzwl”‘1 the characteris- Alfvén perturbations can self-localize and self-organize in
tic vortex “wave numbers” are found, is vortex charac- the form of solitary strongly localized nonlinear vortex struc-
teristic transversal linear scale (transversal according to théures of the electron skin depth size.
equinoctial magnetic fiel@odirection), and,; is vortex char- Particle oscillation (rotation) velocity in the vortex struc-
acteristic linear scale along the equinoctial magnetic fieldtures (11—14yE:(c/B§)(ExBo) is comparable or exceeds
direction. We shall search the stationary solution of sys-the velocityu=a V7. of its motion. It also exceeds a phase
tem (3), (4) in the form ofA=A(r, n), p=¢(r, n). Follow- velocity of the linear wave,. ;. Therefore, the vor-
ing (Mikhailovskii et al., 1987; Aburjania, 1988), we pass tices contain a group of trapped particles moving together
to a polar system of coordinatesd (wherer=(x2+,2)%/2, with the structures. Considering that the perturbed plasma
tg6=x/n) and we’ll divide a two-dimensional plamed into density n is related to the potential of structure accord-
internalr <rg and externat>rpareas. For such disturbances ing to an expressioi/no~eq/T;, from a previous condi-
a nonlinear system of Egs. (3), (4) can be reduced to aionitfollows/no~ep/T;~ecA/T;Vro~(ki L,)~t (Where
Helmholtz type equation for innerg and outer>rg areas L, =(d Inng/dx)~1 —the characteristic size of medium inho-
of the circle via vector integration method. Further, the ob-mogeneity). According to Kadomtsev (1967); Horton (1985,
tained solutions are matched continuously on the boundary990); Aburjania (2006), the collective processes satisfy-
r=ro. Thus, stationary regular and strongly localized solu-ing this condition are strongly turbulent. So, the vortical
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structures considered by us are the consequence of stronginolecules of a gas. Herewith, the random position and the
nonlinear, strongly turbulent processes. These propertiephase of vortex structures are caused by collisions with each
correlate well with the results of numerical (Sutirin, 1994; other. Such considerations allow constructing the model of
Mikhailovskaia, 1986), laboratory (Nezlin and Snezhkin, strong plasma turbulence in the form of an ensemble of the
1993; Pecseli et al., 1984) and space (Chmyrev et al., 199yortex structures, with vortices of various amplitudes ran-
Sudkvist et al., 2005; Alexandrova et al., 2006) experi- domly distributed in space and consequently to apply a sta-
ments. The given experiments show that the vortex structistical approach for their description.
tures of moderate amplitudes at these interactions are basi- Thus, we shall consider that the strong turbulence of
cally steady, keep their form at their repeated collision andplasma represents an ensemble of weakly interacting vortex
poorly modify their parameters. Therefore, the above analstructures (the basic state), each of which is characterized
ysis is valid in a time interval, during which the integrity of by an equal distribution of energy of the system betwaen
nonlinear structures remains. identical vortices § is the parameter of a state). Herewith,
This is so, assuming that the solution found by us is stableeach vortex represents a separate degree of freedom of the
enough. Structures transfer the trapped particles which moveystem. Then, a quasi stationary turbulent state can be ex-
on the closed stream lines. Therefore, at the interaction (colpanded at each given moment over the basic state of the en-
lision) of vortex structures, stream line reconnection occurssemble.
and the trapped patrticles will pass from one vortex to an-
other, causing increased transfer of particles and heat acrogs1 Probability of main conditions
an external magnetic field. Herewith, the considered vortex
structures can form a strong vortex (structural) turbulence ofLet us assume that the basic state of plasma turbulence corre-
space plasma. sponds to an ensemble of two-dimensional drift-&tfwor-
tices of the electron skin size: each active area of the plasma
medium with a sizel. x L is covered byN randomly dis-
3 Model of strong structural (vortical) turbulence tributed vortices of identical amplitude. We will notice that
in a real turbulent state, the different kinds of vortices are
The turbulent state described by the system of dynamiamixed up, but both numerical (Mikhailovskaia, 1986; Su-
Egs. (3) and (4) consists of small amplitude modes with atirin, 1994), laboratory experiments (Pecseli et al., 1984; Ne-
wide continuum wave number spectrum (weakly turbulentzlin and Snezhkin, 1993), and space observations (Chmyrev
part) and also the ensemble of the vortex structures considet al., 1991; Sudkvist et. al., 2005; Alexandrova et al., 2006)
ered in Sect. 2.2. Herewith, each vortex, moving with veloc-have shown that the vortices with essentially different ampli-
ity u gives a certain contribution to the frequency spectrumtudes pass through each other without much interaction. So,
w=ku of fluctuations of plasma density and electromagneticwe can assume that only the number of the vortices with the
fields. As the velocity of vortex depends on amplitude, same scale is essential in a plasma, and the system of the ba-
the frequency spectrum of a vortex set with various ampli-sic states is complete. At different amplitudes, the vortices
tudes can be wider than the corresponding spectrum of smalllso differ by width, in this case one vortex represents for an-
amplitude waves poorly correlating with each other. EXx- other simply the quasi classic hole; therefore their merging is
perimental observation in the magnetosphere (Lysak, 1990hardly possible, though energy transfer is admitted.
Chaston et al., 1999; Stasiewicz et al., 2000; Sahraoui et Considering that the formation of nonlinear structures in
al., 2003, 2004, 2006; Mangeney et al., 2006; Zimbardo,plasma is caused by a balance of competing effects — dis-
2006; Abel et al., 2006; Narita et al., 2007) and in various persion and nonlinearity, for convenience of the analysis, we
plasma devices (Browley and Mazzucato, 1985; Brower eiwjill introduce the following hierarchy for the order of mag-
al., 1987; Weissen et al., 1988; Gekelman, 1999) have showgitude of wave quantities:
that the width of fluctuation spectrum very signifancly ex-
ceeds the one predicted by the theory of weak turbulencey ~ A ~ 0 (), d/dy ~ 3/dx ~ O (e¥/?);
(Horton, 1985, 1990). Therefore, it is possible to assume,y /3t ~ «d/dy ~ 3/dz ~ O (agl/Z); (15)
that the basic state of fluctuations spectrum in magnetizedy/3r ~ ud /oy ~ uel/? ~ 0 (agl/z) S u~a;
plasma is given by solitary waves and vortex solitons. As
for the weak turbulent part of a spectrum, its role will be as- heree is the small parameter describing the amplitude of the
sumed negligibly small and can be added up, if necessary, tstructure and is not dependent on the other small parameter
the soliton part of turbulence (we will partially consider its a~{, /1.
influence manifested in a stochastization of a vortex struc- In order to avoid misunderstanding, here we mention that
ture’s spectrum). as far as the small parametersand @ are dimensionless
Because of the strong localization of vortex structures inquantities, a designatiom~b in Eq. (15) and further for-
space, they do not produce the long-range interaction andnulas, too, means thatandb are quantities of comparable
consequently they are distributed randomly, similar to theorder of magnitude despite of their dimension.
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16 G. D. Aburjania et al.: Model of strong stationary vortex turbulence

A turbulence model should include the source of turbulenthomogeneity of the turbulent state and secondly on a forced
fluctuations, the mechanism of their attenuation and an ineraveraging (Kingsep et al, 1990). This theory does not include
tial interval in which there is a noise transfer across scalesany proper solution of the initial nonlinear dynamical equa-
to the domain of values of the parameters to where the distions, in spite of its obvious importance. Moreover, the char-
sipation becomes essential. Here we choose a simple modedcteristic scales and amplitudes of the vortices, representing
the vortices are spontaneously born in a rather long-wavehe structural elements of the strong turbulence, are entered
area(p; >A ~Ag) With characteristic timernzvn—l and de- in these works without investigating a question — do these
cay due to collisional dissipation or Landau dampings in timeinitial nonlinear equations allow the existence of the struc-
rdzugl. The vortex birth ratei,) is balanced by their de- tures with such scales, amplitudes and velocities? Contrary
struction rate; P (N)) in a stationary condition. From here to the works (Richardson, 1922; Kolmogorov, 1941; Irosh-
we define the probability of a stafe(N): nikov, 1963; Kraichnan, 1965), in our model the turbulence

is assumed to be anisotropic and from the very beginning
PN) = vn/va- (16)  (see Sect. 2.2) we build a solution of the initial dynamical
The rate of spontaneous birth of the vortices is defined by thequations in the form of stationary strongly localized two-
time of nonlinear corrugation of a wave fromt~«s32. But dimensional vortices with fully definite scales, amplitudes
the dissipation rate is; =k, V.i~¢el/? for Landau damping and velocities. Further, on the basis of these vortices, as
and isn't in document,=const — for collisional dissipation. on the turbulent carriers of perturbations, the model of the
Then strong turbulence will be built. But, as well as in the above
5 mentioned classical papers, we also suppose that the energy
P (N)~ ¢, (17) density W of turbulent motion is constant for the different
wheres=1 for Landau damping anti=3/2 — for collisional ~ SPectral ranges — so the energy of the large scale pulsations
dissipation. The relation between the small parameterd IS transferred to the small scale ones so that energy dissipa-
the parameter of the stafé is determined in Sect. 4 (see tion does notactually happen in this region.
Eq. 28). _

In the inertial range (on which a transfer of the turbulent 3-2.1  Anisotropy
fluctuations from excitation scales to dissipation scales oc- ] ] )
curs), the energy-containing structures are merging during® Very important theory of anisotropic magnetohydrody-
their collisions. In case of merging, the increase of am-namic (MHD) turbulence was proposed by Goldreich and
plitudes of the structures occurs; and, it leads to the deSridhar (1995). They supposed, that MHD turbulence is
crease of their transversal scale (see numerical experimeng{rongly anisotropic due to the external magnetic field so that
in Mikhailovskaia, 1986; Sutirin, 1994, and laboratory-space the turbulent transport structures (in our case — the vortices)
experiments in Pecseli et al., 1984; Nezlin and Snezhkinare elongated in its direction (like the vortices found by us in
1993; Verkhoglyadova et al., 2003; Sudkvist et al., 2005; S€ct. 2.2; see the paragraph following Eq. 14). Correspond-
Alexandrova et al. 2006), i.e., there takes place a transfel9!Y; they supposed that the energy transfer time to small
of fluctuations energy into short scales. s_cales within the syste_mr is of the order (_)f the _nonllne_:ar

In fact, in spacecraft observations (Sahraoui et al., 20061ime or eddy turnover timey . The Goldreich-Sridhar pic-
Alexandrova et al., 2006; Zimbardo, 2006: Narita et al., tgre, however, does not fully agree with numerical simula-
2007), for example, the frequency spectrum of turbulent fluc-ions (Muller et al., 2003; Ng et al., 2003). From these works
tuations (dependence of ensemble average magnetic enerdfyS clear that it is not necessary that these two times to be
<|Bk|2) on perturbation frequencieg) of ULF electromag- equal, as was supposed by _Goldrelch-Srldhar. The eqyahty
netic waves having a foriB %) ~ f ~7/3 is found. It obvi- of the ratio x=7,/Ty. 10 unity seems to be very restric-
ously specifies the existence of an inertial area in the mediu ve and does not correspond to some of the results stemming

where the structures of different scales are present and ener m direct numerical simulations wheye can be smaller

transfer toward smaller scales occurs. Herewith, the spatial an unity, as observed by Ng et al. (2003) and Muller .EI
scale of perturbation decreases as frequency increases. al. (2003). We as well as other authors (for example, Galtier
et al., 2005; Bolddyrev, 2005), suppogeto be a constant

3.2 Spatial spectra of stationary turbulence for all scales but not necessarily equal to unity (the critical
balance condition). Solar wind (Matthaeus et al., 1995) and

The generation of stationary spectra occurs as the result ghagnetosheath data (Mangeney et al., 2006), whe®ems

the balance between the energy transfer and damping effecte be smaller than unity, support the validity of our assump-

of the turbulent noise. We shall derive the spectra of stationtions.

ary structural turbulence of two-dimensional perturbations.  As it was mentioned above, in agreement with the

It is known that the strong turbulence theory is tradition- Kolmogorov-Iroshnikov-Kraichnan and further MHD theo-
ally built according to the theories of Richardson (1922), ries (Schekochihin et al., 2007), we assume that the cascade
Kolmogorov (1941), which are based firstly on isotropy and of Alfv énic turbulence energy is local in space and the flux

Nonlin. Processes Geophys., 16, 22,2009 www.nonlin-processes-geophys.net/16/11/2009/



G. D. Aburjania et al.: Model of strong stationary vortex turbulence 17

of energy through the transversal (with respect to the back3.2.2 Compressibility
ground magnetic field3y direction) scald; in the inertial

range is scale-independent: In order to obtain the system of Egs. (3), (4) for the descrip-

tion of nonlinear dynamics, we took into account that the

B 2 V_f ~ Wp = const (18) linear scale of wave structures is less than or equal to ion
Bo /) B= Larmur radius [, ~As~p;). For such perturbations in inho-

mogeneous plasma, the ions are mainly distributed accord-
ing to Boltsman'’s Law:; ~ng exp(—eq/ T;). Therefore, tak-

g into account the condition of quasi neutrality and expres-
sions (2), (11) and (12), we understand that the considered

the cascade processes. It is now assumed that the turbmenﬁ?edium experiences density fluctuations, i.e., the medium

Is strong, i.e. that the Alﬁ/mc Ilnear. propagatlon_terms are are compressible. Consequently, the density of perturbed
comparable to the nonlinear terms in the dynamical Eqs. (3—Charged particles=m;n can be expressed by the formula
6): p~mingep/Ti~m;noecA/T; Vr, (See second paragraph af-
d B, -V B, I 19 ter Eq. 14). The energy density must be used in a compress-
a7z | Bo| ‘Bo E (19) ible medium to describe the abovementioned cascade of en-
o - - ) ergy, i.e., energy per unit volume (as it was made in the previ-
This is the cr_ltlcal-balance condltlor_l, apphed scale by 5,s item) (Fleck, 1996; Kowal and Lazarian, 2007; Alexan-
scale. Assuming that the cascade time is comparable t@yqya 2008), instead of the unit mass energy in order to take
the inverse frequency of kinetic Aln waves (see EQ. 9) into account the medium fluctuations
-1 : - :
tr=ta~w L/ Vapi~x Ty and introducing “the wave In the strong turbulent medium, as we mentioned above,
vector analogs” of orthogonal and transversal linear sizes of, the turbulent cascade energy transfers from compara-
the vortices +, =2 /1, kjj=2r/l), then from Egs. (18), pjy |arge-scale nonlinear structures to smaller scale vor-

where W is the unit volume energy flux, the subscript
indicates fluctuations associated with the perpendicular scal
l,, andt, is the energy transfer time for the beginning of

(19) we'll have: tices. As the scale of vortex structures decreases, the val-

1/3 ues of nonlinear terms become significant in the dynamic

Ky ~ ( W;B ) ki/3- (20) Egs. (3), (4) (see the last terms therein). Consequently, the
Vipi time-scale of nonlinear interactiony (i.e. turnover time)

can be estimated by balancing the first and last terms of
Eqg. (4). At the same time, if we take into account that the
plasma density fluctuations, are related to an electrostatic

If we explicitly use the fact that the rates of energy transfer
per unit volumeWpg do not depend on the scale, we finally

obtain potential ¢;, via Boltzmann relationy;, ~(T;/em;no)p1, ,
ki/3 and the magnetic field perturbation 8, ~A/l, and

kyj ~ —273 (21) taking also into account the fact that in such strongly
By nonlinear turbulence state 8A | A/9z<[VA, V], AA/B,

This relation shows that the considered turbulence is in-B~Bo~[VA,e;|~k i A~A/l, (see Schekochihin, et al.
trinsically anisotropic. These scaling have been confirmed2007), from Eq. (4) we get:
by numerical simulation of electron MHD (EMHD) turbu- > Pl

lence (Cho and Lazarian, 2004; see also Schekochihin, etVZ ™ lLB_lL'

al.,, 2007). It is obvious that turbulence develops moreF hi litv. it is cl h h d
freely in background magnetic field direction. The size of rom this equality, it Is clear that as the energy cascades to

the anisotropy and the strength of the expressed orthogot—he small scale modes, i.e. 850, alsory,—0. This

nal spreading of turbulence change in accordance with th@}etinstthgtlmtthe me(;tlal region dun}:g Fhe %evelopment
strength of the magnetic field induction. So, the magneticO € turbulent cascade processes, the tig becomes

field induces the anisotropies of compressible MHD turby-Smaller in comparison with other characteristic time-scales.

lence. Anisotropy increase with the scale decrease was pre'[hus, it is clear that, in the inertial region in the case of well

dicted for Alfvénic motion by Goldreich and Sidhar (1995) _developed trbulence using energy balance Eq. (18) (which

and confirmed numerically for compressible MHD in Cho is valid for ensemble§ of all scale structures)must be re-

and Lazarian (2003). This conclusion fully confirms the placed byry, according to Eq. (22):

Cluster observations and measurements of the turbulent pro- (Bz )2 V/f B B3
L L

(22)

. . )
cesses in the solar wind, magnetosheath and foreshock réVp ~ Bo ——— = const (23)

2 2
gions (Sahraoui et al., 2006; Mangeney et al., 2006; Alexan- e
drova et al., 2006; Narita et al., 2007). From Egs. (20)In cascade-hierarchic turbulent spectra formation, in order to

and (21) it is obvious that a weakly anisotropic states/, , take into account the medium compressibility, we have to
forms in conditions of not very strong mean magnetic field use the approach taken by Weizsacker (1951), which was
Bo,whenvjwwg/p,-. concerned with hierarchic cloud stair formation (see also
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Fleck, 1996; Kowal and Lazarian, 2007). According to this 2004, 2006), in the foreshock-region (Narita et al., 2007),
approach, each large cloud consists of a certain number odind in the solar wind (Howes et al., 2008) correspond to a
smaller clouds, which contain even smaller clouds. In ourvalue of plasma compressibility degree-—1/6. Generally,
problem, the strongly localized vortices are assumed to behe value ofu for a certain medium has to be determined by
under the clouds. So, according to this model, the mass derappropriate observations and measurements or on the basis
sity of the vortices at two successive levels of the hierarchy of corresponding exact numerical modelling.
is related to the their corresponding scale gizy the fol-
lowing equation

4 Anomalous diffusion of plasma particles due

1 —3u .
Pv_ _ ( v ) ’ (24) to vortices
Pv—1 L

In experimental magnetically confined plasma devices,
anomalously large thermal conductivity and diffusion of par-
ticles are observed (Liewer, 1985; Huld et al., 1988). This
effect is caused by the development of strong turbulence.
I length le), and f Of - . , o

arger length scale), and ranges frai-0 for no compres Herewith, the obtained values of the turbulent diffusion co-

sion up to| | =1 for isotropic compression (3| is the num- - . e .
ber of dimensions in which the compression takes place).eﬁ'(:'ent lay between the "a'“f/i of the clas.S|caI diffusion co-
(wherep, is the electron

Thus, using this density scaling;, ~(/,)~3* from an ex- efficient Do=p7 /tei~n By T,

pression to a constant spectrum energy transfer rate (Eq. 23)armor radiusz.; — time of electron scattering on ions) and
we have of the Bohm diffusion coefficienDg=cT,/ (16¢Bg). The

reason for such an anomalously large transfer (in compari-

B, ~ li/3”‘. (25) son with the classic one) in plasma can be the regular vor-

] o o ) tex structures considered above. Really the vortex structures
Thus a medium compressibility.<0) significantly influ-  ¢ontain the trapped particles and, diffusing in plasma, inter-
ences the spatial spectra of the turbulence. acting with each other and the plasma particles can lead to
a rather strong increase in transversal diffusion and thermal
conductivity of plasma. The vortex diffusion coefficient can
1be estimated by the following expressimzli/rv (where
1| is the transversal scale of a vortex,— characteristic time
of interaction of the vortices). Thus it is quite probable, that

wherep, is the average density inside a vortex at level,
is the mean size of that vortex,is constant and a measure of
the degree of compression at each lavélargerv meaning

3.2.3 Turbulent spectrum

The relation (25) obtained above allows the determination o
the energy spectra (k) of the strong vortex turbulence as
a function of the to transversal “wave vectdt] similar to : X o )
the work (Alexandrova, 2008). For this purpose let us uselv>De- Let us consider this q.uestlon in morg detail.

the formula of perturbation’s energy (Eq. 7), from which for L&t W be the average density of perturbation energy. In
transversal cascades it follows (after averaging in longitudi-2 Staté of stationary turbulence there is a constant stream
nal direction), thatE(k)kl~B,fl. Substituting the expres- of energy from large-scale fluctuations to small-scale ones,

sion for B from Eq. (25) in Fourier space into the latter, we @nd, in general, the average energy density is not a
finally obtain: constant along the spectral range. However, if the charac-

teristic time of energy density variatiagis large enough,
N R e - to>>('ky.oeVTg)*.1, then, as follows from the dynamic Egs. (3),
(k1) n 1 : (26) (4), it is possible to assume that in the time intervals inter-
) . o ) esting for usW=const, and to assume that the perturbation
In the incompressible plasma limjt£0), this phenomenol-  energy is equally distributed over all degrees of freedom (on

; ~7/3 L . .
ogy predicts a spectrurt /. Such a spectrum has been the existing structures). So designating the energy of each
observed both in direct numerical simulations of an incom-yortex through®, (see Eq. 7), we have:

pressible EMHD turbulent system (Biskamp et al., 1996,

1999) and in the EMHD limit of the incompressible Hall w12 - NE, = N&21,

MHD shell heuristic model (Galtier and Buchlin, 2007). 1 2 12 2 W2,

In the case of isotropic compressions toward smaller scalev = 3 IL(VAU) +A5 (A +T(1+7) 7z %] - (27)
(1=1), which can take place in the interstellar medium, the g4y = ¢27.

spectrum isE (k)~k~1/3. If the isotropic compression is go-

ing on toward large scalest&—1), the spectrum will be  Here A, (x, n), ¢, (x, ) are the stationary solutions of the
E (k)~k~1%3, which was confirmed by the numerical cal- form (11-12);7 — a constant quantity of the order of one.
culations for the conditions of the solar wind (Galtier and From the relation (27) we get the expression for gremall
Buchlin, 2007) (see also Alexandrova, 2008). Recently, newparameter:

energy spectra of turbulend&k)~k—8/3 were found by the

Cluster mission in the magnetosheath (Sahraoui et al., 2003, ~ WY2LN Y2, (28)
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The characteristic scale of the vortex structures is given by The correlation length is approximated by the transversal
scale of a vorteX.~[,. By means of the Eq. (35) we can

~ ~ o—1/2 —1/4y —-1/25;1/4
Lds~e WL NE (29) define the contribution of a single vortex to the diffusion co-
The maximum number of the vortices is defined by the con-efficient:
dition of dense packing 2

_le w137 —3,3/2

The minimum number is found from a condition Knowing the expression (17) for the probability P(N), the
& (Nmin) <1. So, total diffusion coefficient can be obtained simply as:
Nmin ~ WLZ- (31) Nmax
Thus, by means of Egs. (27), (28), (29), we have estimates foD, = / Dy (N) P (N)dN = aW?v/s. (37)

a characteristic number of vortic@g), effective wave num-

berko and amplitudepg of the structures:
_ The value of the diffusion coefficient (37) does not depend
o nN1/2 P N o 12 - 2, —4
ko~ N~ @o~ N ~kg, No~ WL%;". 32 on the dissipation form and has an identical order for all

Knowing the energy density of the vortic#, it is possible ~ 0<d<2. For conditions of a moderate noise levé| dif-

to study the influence of vortex structures on the processe#!sion of plasma particles becomes anomalous and the dif-
of heat and plasma transport in magnetized plasmas. Wéusion coefficient has the same order, as for the nonlinear
shall define the diffusion coefficient of the test particles of convective cells (Weiland, 1977). We pomt out that accord-
plasma at their interaction with an ensemble of vortex strucing to Eq. (32) the expressiofE=N p3~¢3 and D,~a /g0
tures. With this purpose we shall introduce the characteristicshould be valid. The specificity of a vortex in the diffusion
temporal scales of the processes causing diffusion of the tegtoefficient is attributed to the parameterrelated with the
particles: the frequency of collision between test particlesdisplacement speed of structurea=u/ Vr, (i.e. the initial
andN vortices(v,), the frequency of pair collisions between condition of a structure formation or a primary diffusion co-
the vortices(v,), and the time of interaction between parti- efficient), and also the sizg defining rotation velocity of
cles and a vortexti{~I /u). For a definition of collision fre-  the trapped particles in a vorté%§=kcgo/Bo. The value ob-
guencies of the vortices (quasi particles) with each other andained for the effective diffusion coefficient of the structural

test particles, the corresponding expression for the classicdHrbulence (i.e. having the root dependence on the fluctuation
pair collisions was usediz=zon,vre (Whereo is the sec-  amplitude) will be well correlated with the results of earlier

tion of scatteringz, — density of quasi particles;e — Speed theoretical works (Isichenko et al., 1.989; Rosenbluth et al.,
of relative motionprei~u). Taking into account that the vor-  1987) (though these works also considered other models) and

tex structures are two-dimensional, we define the vortex gagxperimental observations (Liewer, 1985; Huld et al., 1988).

Nmin

density as1,=N/L?; assuming the section of scatteriag It's interesting to compare this analysis with the existing
to be of the order of the vortex scale¢/ ) (Horton, 1985, results and observations in laboratory, interplanetary space,
1990), we find an expression foy andv, magnetosphere and ionosphere and to reveal peculiar fea-

tures of the particle and heat transport, in particular to deter-
mine the real values of the diffusion coefficient and to com-
pare them to theoretical values of an effective coefficient of
Nmax anomalous vortex diffusion (Eq. 37). Therefore, there is an
vy (N) = / |V (N) —V (N1)| o (N1) ny (N1) P (N1) dN1 obvious strong motivation to continue such observations and
measurements in the future.

ve (N) =onyu ~ aW VAL =52 N5/4 (33)

Nrmin
~aW?BLNTY?, (34)

Here V is the vortex structure velocity, equal to ° Discussionof results

V~u(14+¢e(N)). This value of the velocity is defined from

the formulas (14) and (15) appropriate for the vortex (Eq. 12)In this work, we investigated collective processes in mag-

netized plasma, caused by nonlinear regular structures. It

characteristic scale. s shown that in space plasmas, relatively short wavelength
The nonlinear interaction between the vortices leads to deI W In Sp P IVely wav 9
(with length of the order of collision less skin depth) drift

correlation of the particles and the field, therefore diffusion Alfv &n tvpe waves could be excited and self-localized into
of the test particles is not purely quasi linear. The test parti- = type we . :
nonlinear spatially two-dimensional vortex structures. The

cles decouple from the vortices during the effective correla- = . L . L

- .p 9 vortices are significantly elongated in the direction of the

tion time.: A . .
mean magnetic field/,(>>1,) which well correlates with

T ~ vt () ~ e tw Ve L2N T (35)  satellite observation data.
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These electromagnetic small-scale vortex structures, caras on the verticak, components of the wave vector: for
rying trapped particles and spreading in plasma, generate theon-dimensional energ¥ (k, , k;) a correlation was found,
strong turbulence having granular character. Turbulence i (k1 , k;)~k [ "k", where 3n+2n=7. Itis highly desirable
represented by a gaseous ensembl® aftrongly localized, to continue this theory and data comparison in future experi-
weakly interacting identical vortices forming the background ments and in more complete numerical models.
state. Turbulence excites appreciable fluctuations of density, It is demonstrated theoretically that strong turbulence in
velocity, magnetic and electric fields and intensifies the transthe plasma media creates significantly strong fluctuations of
fer processes. Thus, the width of a strong vortical turbulencelensity, electric and magnetic fields. At the same time, the
spectrum is much larger than the value predicted by the weakjenerated collective activity causes a pronounced enhance-
turbulence theory. This theory is in good agreement with ex-ment of energy, heat and mass transfer processes. Mutual in-
perimental observations. teraction of the nonlinear vortex structures and medium par-

It is shown that the turbulent processes mentioned in thidicles causes anomalous diffusion (in comparison with clas-
paper are characterized by strong anisotropy and this facsical collisional transport) in plasma. The effective coeffi-
tor is caused by the influence of the local mean magneticCient of the structural turbulent diffusiof, has a square
field. Particularly, in the magnetosheath for coupling be-root dependence on the characteristic amplitude of the sta-
tween transversal; =27/1, and longitudinak; =27/l —  tionary noisepo, Dy~./¢o, and essentially differs from the
the components of the characteristic “wave vectors” of theresults of the quasi linear theories, in whibh-3.
vortex turbulence with respect to the local mean magnetic Further observations and measurements of existing diffu-

field — the following relation is Obtainedanki/g/Bg/?’. sion transfer processes in space plasma are required for the

Because of this, the turbulence develops more effectivelydetermination of the real diffusion coefficient and validation
in transverse direction to the local magnetic field. This Of their agreement with theoretically obtained values. The
anisotropy is essentially as strong as this magnetic field. Thi@nalysis of strong vortex turbulence in this work is in agree-
theoretical result is also well correlated with satellite mea-ment with known results of numerical, space and laboratory

surements in the magnetosphere and results of appropriafxPeriments. This supports our conjecture that the strong

numerical calculations. structural turbulence is responsible for the formation of fre-

It is established that energy spectra of the strong purauency and spatial spectra of electromagnetic fields and con-

bulence in the wave-vector space has a power law fornirols the anomalous transfer of particles and heat observed in
—7/3+2u magnetized plasma media.

E(ky )~k , Where the parameter=const,/> |u| >0
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