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Abstract. The paper is devoted to particle acceleration in plasma physics. However, the problem of the mechanisms
turbulent current sheet (CS). Our results show that the mechresponsible for particle acceleration and kappa-distribution
anism of CS patrticle interaction with electromagnetic turbu-formation is still unsolved.
lence can explain the formation of power law energy distri- Some mechanism of particle acceleration in limited spa-
butions. We study the ratio between adiabatic acceleratiortial regions (such as planetary magnetospheres and the so-
of particles in electric field in the presence of stationary tur-lar corona) like the famous Fermi acceleration mechanism
bulence and acceleration due to electric field in the case ofFermi, 1949) is needed to explain the formation of power
dynamic turbulence. The correlation between average entail (f~&~17%) of energy distribution and presence of groups
ergy gained by particles and average particle residence timef particles with large energy values$ (¢)). Different pos-
in the vicinity of the neutral sheet is discussed. It is alsosible mechanisms were proposed such as acceleration near
demonstrated that particle velocity distributions formed bythe CS X-line (Hoshino, 2005; Pritchett, 2006; Drake et al.,
particle-turbulence interaction are similar in essence to the2006), ion acceleration by electric field due to the growth
ones observed near the far reconnection region in the Earth’sf tearing instability (Zelenyi et al., 1984; Taktakishvili et
magnetotail. al., 1998), quasiadiabatic ion acceleration in the vicinity
of the magnetotail neutral sheet by the dawn-dusk electro-
static electric field (Speiser, 1967; Lyons and Speiser, 1982;
1 Introduction Ashour-Abdalla et al., 1993, Litvinenko and Somov, 1993;
Vainchtein et al., 2005; Zelenyi et al., 2007), particle ac-
The observation of non-maxwellian particle energy distribu- celeration by MHD turbulence in the solar corona (Kobak
tions in the Earth’s magnetosphere has a long history (Va-and Ostrowski, 2000; Dmitruk et al., 2004), acceleration due
syliunas, 1968; Sarris et al., 1976; Christon et al., 1989). Into dipolarization in the Earth’s magnetosphere (Delcourt and
particular, the observed distributions can be quite well ap-Sauvaud, 1994; Delcourt, 2002; Apatenkov et al., 2007; Ono
proximated by the so called kappa-distributierig energy):  etal., 2009). In this paper we suggest another possible mech-
Fn (Lt efi)~L* (1) anism of qcceleration which can operate in dynamic regions
' of CS. This mechanism assumes the presence of turbulent
Due to wide occurrence of such a distribution in nature itselectromagnetic field (TEMF) in the central region of CS
structure has been investigated in a number of papers on cu(Cattel and Mozer, 1982; Hoshino et al., 1994; Bauer at al.,
rent sheet (CS) modeling and CS stability (Fu and Hau, 20051995) that can effectively interact with the charged particles
Yoon et al., 2006; Hu et al., 2008). Theoretical investigationand energize them.
of the relationship between the system’s entropy and anoma-
lous diffusion with kappa-distribution (Milovanov and Ze- o
lenyi, 2000; Leubner, 2004, 2008) has deepened the unde? Models of turbulent electromagnetic field

standing of transport processes occuring in astrophysics an% this section, a brief description of the existing TEMF mod-

els is presented and the general equations of the considered
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MHD models of TEMF are often used to simulate the con- At the nonlinear stage, the unstable modes (Lui, 2004) in-
ditions of particle acceleration in the solar corona (Galsgaarderact with each other and their growth saturates (Zelenyi and
and Nordlund, 1996; Kobak and Ostrowski, 2000; Dmitruk Milovanov, 2004). Tearing instability causes oscillations of
et al., 2004). In such models, TEMF is presented as a rethe normal component of magnetic field in the CS (Zelenyi
sult of independent numerical modeling and the process okt al., 2008b and ref. there). Dynamics of TEMF is mainly
acceleration is described for test particle ensembles. Somesonnected with various drift modes like “sausage” (Buechner
times the magnetic field of CS is taken as an initial conditionand Kuska, 1999; Silin et al., 2002), “kink” (Daughton, 1999;
(Dmitruk et al., 2004; Onofri et al., 2006) and models of sta- Zelenyi et al., 2009) and LHDI (Daughton, 2003). How-
tionary reconnection with background MHD turbulence canever, taking into consideration all the structural peculiarities
be developed as well (Kobak and Ostrowski, 2000). Spatialof electromagnetic waves formed as eigenmodes of instabil-
scales of MHD structures lead to considerable difference beity is not an easy matter owing to the facts that only the linear
tween ion and electron acceleration mechanisms. Electrontheory of such modes has been thoroughly worked out, and
mainly gain energy moving along field lines while ions are that all these modes have essentially nonlocal structure.
usually accelerated as a result of perpendicular drift (Dmitruk  Thus, in this paper TEMF is simplistically modelled as an
et al., 2004). ensemble of plane waves:

Some recently published papers have been devoted to par- ‘
ticle acceleration by means of interaction with spatially local- 0By = 0B (k)T gk (r)
ized structures, namely, magnetic clouds (Perri et al., 2007, k kyky L
2009). The model used in these papers could be consideredy = ;53(") [lu_kgk )+ - he (r)] . (2
as the electromagnetic analogs of the stochastic billiards’ me~ , —kky ky
chanical model (Karlis et al., 2007 and references therein). 9B: = %83(’()[ rE 8k = Hhk(r)]

Models of electron acceleration by means of conservation
of adiabatic invariants during sufficiently slow magnetic field Here gk=cos(kr +¢,§ - twk), hk=Sin(kr +¢,%—ta)k),
variation can aIsp be applied either to the solar corona (Soz | — /k§+k§ and k= k§+k§+k§. One can easily check
mov and Kosugi, 1997; Bogachev and Somov, 2007) or tOhat the conditionVvs B

, =0 is naturally satisfied. Initial
the Earth’s magnetosphere (Smets et al., 1999; Apatenkov %hasesa)l and¢? are chosen randomly. The frequenayis
al., 2007). The essence of these methods is the following! k k

ded that the el ) q chosen for each harmonic so that all the waves possess the
provided that the electron magnetic momeﬁﬁTL/B an same phase velociwk/k=v¢ (here waves are assumed to

the second invariarif) L? (L is the length of a flux tube) are  pe grit andvy is less then thermal ion velocity). The wave

conserved, electron perpendicularand parallell temper-  magnitudes B (k) is defined by the following expression:
atures change in the course of evolution of magnetic field

The mechanism of particle acceleration by electrostaticaB(k)ZC(1+(lk)2)_“. @)
field in CS geometry (Speiser, 1967; Lyons and Speiser,

1982) may also be generalized in case of CS with stationHere! is the vector of correlation length. The power index
ary turbulence produced by a wave ensemble wiflt =0 ¢—7/8 was taken from earlier papers (Veltri et al., 1998;
(Veltrietal., 1998; Greco et al., 2002; Zimbardo et al., 2004). zelenyi and Milovanov, 2004), where it had been defined on
Such a turbulence is characterized by the absence of indughe basis of experimental observations (Hoshino et al., 1994;
tive electric field. However, acceleration by an electrostaticpetrukovich, 2005, including references).

field becomes more efficient due to modification of particle  Using the system (1) and the condition of free charges’ ab-

dynamics under the influence of magnetic turbulence. Spasence one can find from Maxwell equations the components
tial diffusion in the stationary turbulence model (SM) has of electric field:

been analytically studied in neutral sheet geometry (Chiar- 1
avalloti et al., 2006). It was found that, the power exponentV x8E = —c 198 B [or
valuev ((Ar?)~ ") can vary fromya0.6 (subdiffusion) to  vsE =0 ’
v=1 (Brownian diffusion).

Another model of particle acceleration may be obtainedNOW we can set the systems’ parameters and geometry. The
in case of the TEMF created by propagating waves withconstant backgroup_d magnetic flelq is taken according to
w/k#o_ Such dynamical models (DM) used to be discussedhe Harris CS modified model (Harris, 1962; Lemb_ege_ and
in 2-D neutral sheet geometry. For this geometry, either elecPellat, 1982): B=Botanh(z /L) e,+B:e. and the main di-
trostatic (Carbone et al., 2004) or electromagnetic waves (ZeMensionless parameter of the systenh,is=B. / Bo. Mag-
lenyi et al., 2008a) have been taken into account. The modefitude of turbulence is set by the dimensionless parame-
that we consider here takes into account the TEMF pro-er8=+/(8B-8B)/Bo. Wavenumbers are distributed in the
duced by an ensemble of propagating electromagnetic wavegange 2 L~1[0.05, 4], and|l| = 0.5L. In the simulations,
which may be regarded as a generalization of earlier modelsve launched five hundred harmonics into the system. The

(4)
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Fig. 1. Profiles of background magnetic field components with the presence of TEMF (black line) and without it (dotted line) and inductive
electric field.

values ofk, are obtained from the following equatiok.L =

27 (0.054+n;A;) (heren,=0...4 and A;=0.25). Values of
k. andk, are obtained from the equationk;=kco% and | /
ky=ksing. Here kL=2r(0.05+nA) and 6 = 27ng /Ny & o]
(n=0...4, A=1, ny=0...Ny and Ny=20). A snapshot of all ‘
the three components of magnetic field and electric field is y
represented in Fig. 1. (®) qd

3 Numerical simulation scheme and particle injection

In this section, we describe the modeling scheme of particle v 20 z0 n?;] fime
acceleration due to interaction with TEMF is described in (c °,

this section. Maxwellian velocity distributions with nonzero Zp - ;3

shift vp along magnetic field lines are generated at the top x > _ob VoW
and bottom edges of C$£+3L): n-ggwﬂ
fin ~ eXp<_ <UJ2_ + (U” - UD)z)/Ug> . (5) v 0z 0z 05 time

Such distributions are often used for the modelling of thin CSFig. 2. Trajectories and energy values of particles and magnetic
formation as well as for construction of analytic models (Ze- field components along the trajectories for G§; for SM with
lenyi et al., 2000, including references). Particles penetraté=0.5(b); for DM with §=0.5 andvy=vg ().

into the central region of the CS along field lines, interact
with the TEMF and subsequently leave the system. In order
to understand better the properties of this system, one may
first analyze the typical particle trajectories without TEMF
(B=Botanh(z/L)e.+B.e;). As shown in Fig. 2a, a particle o
approaches the CS neutral sheet, makes a half-turn around AS ¢an be seen in Fig. 2b, the presence of SM turbulence
B, and leaves the CS. Such trajectory is called “Speiser” o°aN substantially increase th_e partl_cle_z reS|de_nce ftime in the
transient orbit (Speiser, 1965). In addition to Speiser orbits inCS: AS @ result of longer particle drift in the direction of the
such “regular” configuration there are also fully trapped par_eIectrostancﬂeIcEy, particles gain more energy (Ve_Itrl etal.,
ticles with circular orbits and quasi-trapped particles in cs1998; Greco et al., 2002). This is one of the possible mech-

(Speiser, 1965; Chen and Palmadesso, 1986: Buechner afisms of particle heating. However, here, we focus on par-
Zelenyi, 1989: Zelenyi et al., 2000; Vainchtein et al., 2005). ticle energization due to the inductive electric field produced

On the other hand, an electric fiel}, pointing duskward by DM turbulence as_illust_rate_d in Fig. 2c. The comparison
appears in the CS as a result of interaction of the Earth’s mag?f these two mechanisms is discussed below.
netosphere with the magnetized flow of the solar wind. At
equator in the distant magnetotail, a typical value for this ,  Numerical result for particle ensemble

electric field is of the order of 0.1 mV/m (Molland, 1978;

Kan, 1990). After the first interaction with CS, a particle at |n this section, we present the results of particle acceleration
Speiser orbit experiences an energy ga(nEy/Bz)2 (Lyons and dynamics obtained in turbulent CS for particle ensemble.
and Speiser, 1982; Ashour-Abdalla et al., 1993; LitvinenkoWe use 18 test particles in each run.

and Somov, 1993).
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Fig. 4. Energy distribution of particles accelerated by TEMF.

power law tail for intervals larger than a decade in energy
(as well as in most paper dealing with particle acceleration,
see Pritchett, 2006; Drake et al., 2006; Perri et al., 2009).
However, as the figure shows, the obtained distribution can
have the power law tail: starting from energy 5p0ve get

f~e~*~1 andk<5. One can also see that the turbulence

Using a test particle method, one may estimate the currenf€veld influences particle heating more than the valueof
density, plasma density and temperature that are formed in iloreover, observations in magnetosphere plasma sheet per-
self-consistent configuration. Though the variations obtainedormed by means of various spacecraft sugges3—5 (Va-

via such a method are not self-consistent, they allow us teYliunas, 1968; Sarris et al., 1976; Christon et al., 1989),
get some insights into TEMF influence on CS structure. InWhich is in agreement with the estimate obtained above.

addition, these profiles could be regarded as a zero order ap- The possible formation of non-maxwellian distribution
proximation to the problem. due to particle interaction witlk', field in the SM has al-

Let's consider the plasma density profilg,(z). In read){ been Qemonstrgted (Tgktakishvili etal., 2003). We will
the absence of TEMF, this profile exhibits a maximum MOt discuss it .further in detgll but compare the two acceler.—
in the CS centre (max,=n,,) and possess nonzero val- ation mechanisms. Let us introduce the dimensionless ratio
ues o) at the boundary (Zelenyi et al., 2000). Gradient £y=CEy /voBo. In case 0fBo=20nT anduvo~500kmy/s we
dn,(2)/9z determines the value of diamagnetic drift veloc- obtain the following value of: 0.2. Thus, Fig. 5 presents
ity vpu ~ Bn,,(z)/az (Baumjohann and Treumann, 1996), the values of average energy) gained by particles in case
which is a part of the dispersion equation for CS drift modes:0f §=0.3 as a function of the parametegsandE.

Rew=kvpy (Daughton, 1999; Buechner and Kuska, 1999: Apparently, the dependende)~EZ (see Fig. 5) corre-
Zelenyi etal., 2009). As the turbulence level increases, Fig. 3ponds to the nonadiabatic motion regime (Speiser, 1967).
displays that the ratin,, /no is lessening while the gradient At the same time, the energy dependence figris approxi-
dn,(2)/9z decreases with the increase of turbulence lével Mately linear, i.e{e) ~vy. This result cannot be explained in
That means, the,), /no value obtained in the self-consistent terms of single particle-wave interaction (the so called surfa-
modeling as a result of TEMF development should be lesgron acceleration mechanism where one fias-v3, Neish-
than the value obtained in the absence of turbulence. Alsdadt et al., 2009). On the other hand, here we numerically
waves forming TEMF s = a)/k ~vpy) Will slow down as  consider particle interaction with an ensemble of waves prop-
the turbulence magnitude increases since the density profil@gating at different angles with respect to each other. The an-
n(z) is flattering. alytical investigation of the obtained result should be carried
out in a future.

Figure 6 thus suggests that TEMF increases the aver-
age particle energy much more effectively than the dawn-
One can obtain particle energy distribution in the outer CSdusk electric field with realistic amplitudesE{=0.2 or
region (for|z|>L) after the interaction of the particles with Ey<2/LV/m). It appears that the combination of these two
TEMF. Energy distributions for various values®parame- mechanisms may lead to particle energization by a factor of
ter and wave phase velocity, are shown in Fig. 4. As one 20-30.
can see in the figure, the particles are effectively heated in
the considered system. After particle-turbulence interaction
particles with energy larger thaezvg/z by a factor of hun-
dreds occur in the system. Unfortunately, we do not obtain

Fig. 3. Particle density profiles.

4.1 Influence of accelerated particles on CS structure

4.2 Comparison of acceleration mechanisms

Nonlin. Processes Geophys., 16, 6839 2009 www.nonlin-processes-geophys.net/16/631/2009/
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20

Fig. 5. Average particle energy as a function of phase velocity and
electric field.

4.3 The influence of TEMF anisotropic spectrum
on particle acceleration

635
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Fig. 6. (a) Energy distribution for various values af angle,(b)
separation of wavenumber space on regions wik0 and with

Vg 7&0.

to assume that the averaged Larmor radii in the inner re-
gion is equal to its sizermc/eBotanh(L. /L) = L. (here
vr is the particle thermal velocity). This equation demon-

strates that in the regiorz|<LC=,/Lvac/eBo particles
are not affected by magnetic fieR (z) in the lowest order
approximation, their Larmor radius being larger than the
(Dobrowolny, 1968). Also, the time during which a Speiser

All the results presented above are obtained for wave ensemyarticle travels in the regiofr|<L. in the absence of tur-

bles with identical phase velocity; spreading uniformly

in (x,y) plane. On the other hand, in the Earth’s magne-
tosphere the majority of waves mainly propagateyidi-
rections (dawn-dusk) (Runov et al., 2005; Zelenyi et al.,
2009). To take this effect into account, a modified disper-
sion equation has been used. On the planek() we intro-
duce the angle which is measured from the axig. We as-

bulence is about the half period of Larmor oscillation in
the field B.: T=2mmc /eB.=2r [w, (Speiser, 1965, 1967).
For the trapped particles the residence time value is much
larger (Chen and Palmadesso, 1986; Buechner and Zelenyi,
1989; Ashour-Abdalla et al., 1991) and therefore, ensem-
ble average time i&’)w, >1 (here we use normalized time
T'=T [2m).

sectors: Z —a<g<a, T—a<g<mw+a (p=arctar(ky /ky)),
while it has the same valugy in the intervalsy <¢ <m —a
andr+a<gp<27—a (Fig. 6b). According to available ex-
perimental data, the values afis of the order of 20-40
(Zelenyi et al., 2009). As the value afincreases, a growing
number of waves become stationary,£0) and the parti-

very efficiently because of the absenceRffield (unmag-
netized particles can be accelerated by turbulent electric field
while magnetized ones only drift in crossed magnetic and
electric fields). Thus, Fig. 7 illustrates the correlation be-
tween the turbulence levéland particle residence time. As
one can see in this figure in the absence of turbuleswe@)(

cle acceleration becomes accordingly less effective. Taking| particles remain in the central CS region during a time in-
into account the shorter residence time of the particles in tthrvaI(T’)wnwz. In the presence of turbulencd<0.5), this

central CS region, the increasingvalue also reduces the
efficiency of this ion heating mechanism. The modeling per-

time interval increases, yieldir(q’)wn>3. Such an impact
of turbulence has been first found in SM (Veltri et al., 1998).

formed here indicates that the maximum value of particle en+jth the increase of turbulence lew&l particles gain more

ergy decreases with the growthe@find the distribution con-
verges towards the maxwellian distribution (Fig. 6a). How-
ever, even fow=45° the value of maximum particle energy

and more energy; hence, velocities become large. As aresult,
for §>0.5, no particle remain for a long time in the central
CS region (in contrast to SM where with the increase of

is ~30Q( (thus, the considered mechanism of accelerationa\,‘z_,rage particle residence time grows).

is still effective).
4.4 lon residence time in the field reversal region

The ion residence time in the field reversal region is an im-

4.5 Correlation between particle energization and
residence time in the CS

As shown above, there is a dependence between the tur-

portant characteristic of particle dynamics. The thickness ofbulence leve and the average particle residence time in-

this region {.) can be estimated by the well-known method:

www.nonlin-processes-geophys.net/16/631/2009/

side CS(T’)a)n. There is also a similar correlation between

Nonlin. Processes Geophys., 538963069



636 A. V. Artemyev et al.: Acceleration and transport of ions in turbulent current sheets

4 4 4 40 —

5=0 §=0.1 R 6:02 ° ® modeling
V,/vo=1 1 <e>/g,=14/(<T">w,-0.87)

log ,(104AN/N)

N

log o(104AN/N

IR

10g,(104AN/N
N

4 To, 4 To, 4 To,
2 8=0.4 3 8=0.§ s 8=0.Z
z V/Vo=12 V,/vo=1 2 V,/Vo=1
e 2 9 2 9 2
T 1
0 0 ) 5
0 4 8 120 4 8 120 4 8 12
To, To, To,
Fig. 7. Particle residence time distribution for various turbulence Fig. 9.  Average residence time7’)w, as a function
levels in the CS centre. of average energy obtained by modelling (grey points) and

curve(e) ((T')w, —C1)=e0Cz With C1, C2 determined by means of
the least-squares method (black curve).

07
0.6 \ 42 mula:
: 7 38
05 3.4
A @e-c)=wc, ©
©w 0.4 26
03 - 22 HereC1 andC; are constants amj;:vg/z is the initial en-
RN 1.8
0.2 N /7 14 ergy. . .
___________ - y o In accordance with this formula, for any valuessodnd

0.1 . . . . .
0.0 0.1 0.2 03 0.4 05 06 0.7 0.8 0.9 1. vg the average particle residence time in the CS centre de-

1.1 1.2
/Y 2€>/£" pends on the average energy gained by particles. In order
06 40 to prove this assumption the least-squares method has been
% used (Fig. 9). The constants obtained are such that the min-
o 04 ZZ imum possible value o(fT’)wn approximately equals to the
' 2 time required for one turn iB, (C1~w; 1). Typical energy is
10\ 15 ~14¢. Still, note that the equatiofx) ((7”)w,—C1)=c0C2
02 sx O o cannot be applied to the case of small turbulence Iévell().
0.0 01 02 033 04 05 06 07 08 09 10 11 12 Equation (6) may be explained in the following way: with
vy /Yo the growth of the average energy vallge)(/ go>>1), the par-

ticle residence time converges toward some conﬁayito,,
Fig. 8. Maps of the values of average energy and residence time othat corresponds to a situation in which all the particles be-
particles in the CS centre. come transient and spend approximately one period of rota-
tion aboutB, within the CS. On the other hand, provided that
particle energy values are sma(lbx/eo~1) the majority of

turbulence leveb and the average value of energy gained by Particles are trapped in the CS and stay the/re for more than
particles(e). This is more apparently indicated in Fig. 8. One one period of quasiperiodic motion abakt ((T )“’">>C1)'
can see in this figure that with the growth of thendvy pa-
rameters the value ¢1”)w, decreases while the) value in-
creases correspondingly. In case of stationary (frozen) turbu
lence ¢4~0) the value of(¢) remains constant Wh"@%’n obtained. A typical distribution at the CS boundarieslisa
increases wit§ becoming larger. On the contrary, in case of |5 shapeistribution with nonzero flow along; (Lyons
fast turbulencev,~vo, energy(e) increases while the time 5,4 gpejser, 1982; Ashour-Abdalla et al., 1991). These dis-
(T")on decreases asincreases. tributions directly follow from non-adiabatic ion dynamics
Except for several cases of tke and(T’)a)n dependence and acceleration along, during Speiser motion (Lyons and
on$ andvg, the correlation between residence time and av-Speiser, 1982; Ashour-Abdalla et al., 1991). Figure 10 re-
erage energy can be expressed by the following heuristic forveals that the results obtained with the present model are in

4.6 Velocity distribution of ions leaving the CS

Finally, we examine the structure of ion velocity distributions

Nonlin. Processes Geophys., 16, 6839 2009 www.nonlin-processes-geophys.net/16/631/2009/
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3

vy (A) 3 (B) served. The proposed mechanism can compete with other
iy Vil% mechanisms of particle acceleration near X-line (Hoshino,

’ ‘ 2005; Pritchett, 2006; Drake et al., 2006).

1 1 The particle energization rate and residence time ob-
i Vi/o . v /v tained allow us to derive a correlation between average en-
-2 -1 0 1 2 3 4 -1 0 1 2 3 4

‘e ergy and average residence time for the case With.2:
VL/VO (C) ETVL/VO

0
(8)%1460((T’)wn—1)71. Thus, typical value of residence
time is (T")w,~1 and energization rate may reach a factor

8

6 6 =

4 o= of 14.

: v/ve 20 Particle acceleration under the combined effect of electro-

% 8 6 4 2 0 2 4 68 0% 5 6 4 20 2 4 6 8 10 static (£,) and electromagnetic fields (DM) results in the for-
18 (A) 9=0.cE, /B, =0,v,=0 mation of velocity distributions similar to the ones observed
25 (B)0=0.cE, /B, =0.Iv,,v, =0 at the edges of CS (Lyons and Speiser, 1982; Ashour-Abdalla
535 (C)0=05,¢E /By =0.1v,v, =0 etal., 1991). Moreover, the presence of TEMF allows to ex-
33(D) 5=05.¢E, /B, =0.v, =, plain additional particle accelerations (different from accel-
o8 (E)5=05.cE /B, =0.1v,v, =v, eration due taE,) often observed in velocity distribution on

open field lines (Grigorenko et al., 2009).
Fig. 10. Particles velocity distribution in log scale (Igg(AN /N),
AN is a number of particles with corresponding velocitigs v | AcknowledgementsAuthors are grateful to D. E. Odintsova for
and N — general number of particles). All the figures have mirror her editorial help. This work was supported in part by the RF
symmetric for the change-over; ——v | . Presidential Program for State Support of Leading Scientific
Schools (project no. NSh-472.2008.2), the Russian Foundation for
Basic Research (project nos. 08-02-00407, 07-02-00319).

agreement with in-situ observations ffv,v.) (Raj etal., _

2002; Ball et al., 2005). This figure shows the results of cal-Edited by: J. Bichner
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lations. The figures correspond to the case-0 (for v, <0,
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