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Turbulene has a di�erent nature in the interplanetary magneti �eld and in the transition region, thus it

requires a di�erent type of analysis. The �Cluster 2� satellite mission provides magneti measurements with a tem-

poral resolution of 22.5 Hz. We analysed the evolution of the probability density funtion over time, as well as that

of the strutural funtion. From the analysis we an onlude that for small time sales, the �utuation distribution

di�ers signi�antly from the Gaussian. Furthermore, we see that in the foreshok region, the �utuation beomes

almost Gaussian. Using the extended self-similarity struture funtion we ompare the experimental data with the

Kolmogorov K41 model. Calulated di�usion oe�ients have a good agreement with the analysis of the probability

density funtion and this an prove the existene of superdi�usion proesses in the transition region of the Earth's

magnetosphere.
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introdution

A new type of instability arises in inhomogeneous

plasma, as ompared with a lassial desription. In

the ase of evolution of these instabilities, the plasma

an beome a turbulent medium. In addition, the

transverse di�usion of plasma in the magneti layer

an play a signi�ant role in areas where magneti

reonnetions are ine�etive. Thus, di�usion in the

absene of atual partile ollisions an be ensured

as a wave-partile interation (anomalous resistive

di�usion). Sine gradients of density, temperature,

magneti �eld and �ow are observed in the transi-

tion region of the magnetosphere, a large number

of instabilities for anomalous di�usion evolves. A

number of maro-instabilities may also ontribute to

the di�usion. The Kelvin-Helmholtz instability and

eddy turbulene are the most important instabilities

to evolve the inhomogeneous plasma harateristis.

Both mehanisms an promote mixing of the plasma

on a large sale, and an reate the neessary on-

ditions for miro-instabilities. Chaoti eletri and

magneti �elds that our, lead to anomalous trans-

port proesses that are orders of magnitude higher

than that of lassial proesses. Marosopi �ows

of partiles, momentum, and energy are de�ned not

only by the mean �eld and pro�les, but also by the

�utuation spetrum [17℄.

The notions and onepts of anomalous dynami

properties, suh as long-range spatial or temporal

orrelations manifested in power-laws, strethed ex-

ponentials, or non-Gaussian probability distribution

funtions (PDFs), have been predited and observed

in numerous systems from various disiplines inlud-

ing physis, hemistry, engineering biology, meteo-

rology, astrophysis, and others. The standard tools

to desribe anomalous dynamis are ontinuous time

random walks [7, 8, 20℄ and frational dynamial

equations [15, 16, 21℄.

The anomalous features usually streth over the

entire data window, but there exist examples when

they develop after an initial period of sampling (�-

nite size/time e�ets), or they may be transient, i. e.,

eventually the nature of anomalous proess turns

into normal transport or relaxation dynamis. The

most fundamental de�nition of anomaly is the devi-

ation of the mean squared displaement 〈(∆r)2〉 =
〈(r − 〈r〉)2〉 ∼ Dt∝ from the `normal' linear depen-

dene 〈(∆r)2〉 ∼ Dt over time. Here D is the gen-

eralized di�usion onstant. The anomalous di�usion

exponent α 6= 1 determines whether the proess will

be ategorized as subdi�usive (dispersive, slow, et.)

if 0 < α < 1, or superdi�usive (enhaned, fast) if

1 < α. Usually, the domain 1 < α ≤ 2 is on-

sidered, α = 2 being the ballisti limit desribed

by the wave equation, or its forward and bakward

modes [14℄. Proesses with α > 2 are known, suh

as the Rihardson pair di�usion in fully developed

turbulene [18℄.

Generally, one an not reate a losed system

of equations desribing the anomalous transport

proesses; the results are mostly limited to semi-

quantitative assessments. The weak turbulene,

∗
andrew.prokhorenkov�gmail.om

99



Advanes in Astronomy and Spae Physis A. S. Prokhorenkov, L.V.Kozak, A.T. Y. Lui, I. V.Gala

with quasi-linear approximation, is a ase when the

anomalous transport proesses an be analytially

desribed.

Therefore, it is neessary to determine the statis-

tial properties of the environmental parameter �u-

tuations from the experiment whih are related to

the sale invariane, and get estimates for the type

of di�usion proesses. This will qualitatively and

quantitatively desribe transport proesses in di�er-

ent regions of the magnetosheath.

methods to determine the

type of diffusion proesses

evolution of the flutuations PDF

Probability distribution of �utuation amplitudes

of a random proess obeys the Gaussian law (the so-

alled normal law) [3, 10℄. The dependene of the

maximum probability density funtion in the analy-

sis of data series X(t) at di�erent time sales an be

approximated by a power law: Pτ (0) ∼ τ−s
, where

τ is the sale shift over time, and s is a param-

eter that haraterizes the homogeneity or hetero-

geneity of the studied proess (for Gaussian distri-

bution s ∼ 0.5 and the presene of heterogeneity

s > 0.5 [3, 6℄.

From the behaviour of the PDF the spatial or

temporal sales where the PDF losses the Gaussian

properties, an be de�ned.

Evaluation of partile biases an be arried

out using the �Levy �ight� (Levy �ights) [2, 22℄:

〈X2(τ)〉 ∝ τ2s, where s is the maximum exponent

of magneti �eld �utuations PDF Pτ (0).
Statistial averages properties.

For the turbulent �eld X(t), the strutural fun-
tion (statistial average) of order q is de�ned as a

statistial average over the ensemble of relations [9℄:

δτX = X(t + τ) − X(t), Sq(t) = 〈|δtX|q〉 ∼ tζ(q),
where the exponent ζ(q) � desribes the type of

proess and turbulent di�usion properties of the

medium. The linear dependene of ζ(q) indiates

homogeneity of turbulent proesses (partiularly,

for the Kolmogorov model � ζ(q) = q/3, and

Iroshnikov-Kraihnan model ζ(q) = q/4) [9, 12, 13,
23℄. For turbulene intermittene of high order stru-

ture funtions there is a nonlinear dependene of ζ(q)
on q. This re�ets the deviations from the Gaussian

law [5℄. In addition, the struture funtions of high

orders allow one to haraterize the properties of het-

erogeneity on small sale proess.

Analysis of experimental data has a great impor-

tane to the presene of extended properties of self-

similarity (ESS), for a power law of the struture

funtions Sq ∼ S
ζ(q)/ζ(p)
p and allows one to hara-

terize �utuations in the turbulent �ow for a large

range of Reynolds numbers [1℄. Using the extended

self-similarity property, the good auray values of

ζ(q) and di�usion properties of the plasma an be

evaluated. To interpret the nonlinear dependene

ζ(q) the log-Poisson model is used, for whih ζ(q) is
given by [4, 11, 19℄:

ζ(q) = (1−∆)
q

3
+

∆

1− β

[

1− β
q

3

]

,

where β and ∆ are parameters that haraterize the

intermediate and singularity proesses, respetively.

As a result of ESS-analysis for log-Poisson sal-

ing parameters β and ∆ are used to determine the

harateristis of turbulent plasma transport. The

generalized di�usion oe�ient depends on the ζ(q)
as [22℄:

D ∝ tR,

where R = ∆(1/β − l).
This relation is used to evaluate transport prop-

erties in a heterogeneous environment. In general,

the parameter R is de�ned by the fratal properties

of the medium.

Thus, there is a relation between the exponent

that haraterizes the evolution of PDF, and the pa-

rameter R. Displaement law for the partiles is

given by the relation: 〈δX2(τ)〉 ∝ Dτ ∝ τ2s ∝ τα,
with order of 2S = 1 + R [2, 22℄. Where, normal

di�usion orresponds to α = 1, and the onvetive

(ballisti) motion is haraterized by the α = 2.

satellites used for measurement

We used the data from �Cluster 2� spae mission.

We analysed 5 events of satellites C1 passing the

magnetosheath from 2004 to 2010, with a temporal

resolution of 22.5Hz. The examples of analysed mag-

neti �eld �utuations are shown in Fig. 1. In two

events out of �ve (2009/05/11 and 2010/03/31), the

satellite rossed the magnetosheath, moving from the

magnetopause region to the interplanetary medium.

In other ases it was moving from the solar plasma

wind medium.

Fig. 1: Example of analysed magneti �eld.

In di�erent regions of magnetosheath there are

di�erent levels of magneti �eld �utuations ob-

served:

� in foreshok region, the variane of variations

normalized with the urrent mean value is

δB/B = 0.1− 0.25;

� after rossing the shok wave in postshok re-

gion, �utuations inrease several times, om-

pared to the foreshok δB/B = 0.5 − 0.6;
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� in deep magnetosheath region, �utuations de-

rease to a value of δB/B ∼ 0.15 − 0.2.

Even with almost omplete absene of magneti

�eld �utuations in the solar wind, there are high

�utuations in the magnetosheath region.

results

To study the probability density funtion of �u-

tuations of the magneti �eld B(t) we hose the o�set
time τ , whih is a multiple of disrete measurements

τ
min

= 0.0445s, and we analysed the statistial prop-

erties of the absolute value of the magneti �eld vari-

ations dB = B(t+ τ)−B(t) in the foreshok region,

postshok region, and magnetosheath, on di�erent

time sales.

Fig. 2: Maximal value for magneti �eld �utuations

PDF P (0) in logarithmi sale for 3rd Marh 2004. Ex-

perimental data approximated with a line: P ∼ t−s
: 1

� foreshok, 2 � magnetosheath, 3 � postshok. Val-

ues of s presented in Table 1.

Good temporal resolution of the measurement

allows us to observe the dependene of the maxi-

mum value of the PDF of magneti �eld �utuations

Pτ (0) on a small sale (less than 1 seond), whih

is very important beause we an analyse on a sale

smaller than the ion ylotron frequeny. Logarith-

mi sale plots for measurements on Marh 27, 2010

and Marh 20, 2006 are shown in Fig. 2, where the

experimental points were approximated by a straight

line Pτ ∼ τ−s
. The values for the exponents of the

events are presented in Table 1.

From the obtained values, we an onlude that

for small sales in the transition region of the Earth's

magnetosphere, the distribution signi�antly devi-

ates from the Gaussian distribution.

The largest deviations are observed for the post-

shok region. Furthermore, in foreshok region we

have an almost Gaussian distribution for magneti

�eld �utuations. The generalized di�usion oe�-

ient R is shown in Table 1. R > 0 indiates the

existene of superdi�usion.

The extended self-similarity struture funtions

of high orders are spei�ed by the equation: Sq(t) =

〈|B(t+τ)−B(t)|q〉 ∼ τ ζ(q), where 〈. . .〉 � statistial

averaging of experimental data over time.

Fig. 3: Relation of strutural funtion on time sale for

a magnetosheath region (03/03/2004).

Strutural saling funtion normalized to saling

for the third moment, ζ(q)/ζ(3) an be obtained

from the slope of a logarithmi sale. This will allow

us to ompare experimental data to the Kolmogorov

model of turbulene (K41) for whih ζ(3) = 3/3 = 1.

In Fig. 3 power law Sq(τ) ∼ τ ζ(q) (i. e. self-similarity)

is observed only in a limited range of time sales.

This interval orresponds to the inertial range, whih

is onsidered a lassi model of developed isotropi

turbulene (K41, et.) [5℄. In the transition region of

the magnetosphere this interval is observed on sales

less than 1 seond (this will allow us to ompare the

results obtained by di�erent approahes � from the

analysis of maximum height of magneti �eld �u-

tuation probability density funtion and statistial

average).

Calulated results for ζ(q)/ζ(3) of di�erent orders
q in the analysis of small-sale turbulene and om-

parison with Kolmogorov model for the events on 3rd

Marh 2004 and 3rd April 2006 are shown in Fig. 4

and 5. The most signi�ant deviation from the Kol-

mogorov model is observed in the postshok region.

Determined by the ESS analysis parameters β and

∆ and alulated values R = 0.3÷0.98 are presented

in Table 2.

The obtained values are in good agreement with

the data presented in Table 2.
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Thus, using two independent tehniques, we

proved the existene of superdi�usion proesses in

the transition region of the Earth's magnetosphere.

Fig. 4: Relation of exponential value of strutural fun-

tion of q-order to the 3-rd order strutural funtion for

3rd Marh 2004. K41 � values alulated for Kol-

mogorovmodels; FSH� foreshok region, MSH�mag-

netosheath, PSH � postshok.

Fig. 5: Relation of exponential value of strutural fun-

tion of q-order to the 3-rd order strutural funtion

for 3rd April 2006. K41 � values alulated for Kol-

mogorovmodels; FSH� foreshok region, MSH�mag-

netosheath, PSH � postshok.

onlusions

The relative variations of the magneti �eld in

magnetosheath exeed the values in the solar wind

by fator of 2�5. However, the onverse proposition

is inorret � not all variations of parameters in the

magnetosheath are generated by �utuations of the

solar wind or the interplanetary magneti �eld.

The largest deviation from a Gaussian proess is

observed in the postshok region, and the distribu-

tion losest to a Gaussian one is in the foreshok

region.

The value of the generalized di�usion oe�ient

inreases with time-saling. Thus, the analysis of

the evolution of the magneti �utuations PDF �

the exponent �eld dependene on the generalized

di�usion oe�ient of the sale (R) in the transi-

tion regions of the Earth's magnetosphere: foreshok

region, postshok and magnetosheath � is in the

range of 0.32�0.92. The highest value is observed for

the postshok region. The analysis of the statistial

properties of points determined the parameter R to

be in the range of 0.3�0.98. Likewise, the highest val-

ues are observed for the postshok region in this ase

as well. It an be noted that di�erent approahes to

the analysis of turbulent proesses give similar re-

sults and indiate the presene of superdi�usion pro-

esses in the transition region of the Earth's magne-

tosphere. This fat must be taken into aount when

onstruting quantitative models of transport.
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