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Magnetosheath and solar wind turbulence processes
features identification
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A different kind of analysis should be applied to a turbulent process, than that applied to a nondisturbed medium.
In this work we present the result of extended self-similarity analysis (ESS) by comparing between different turbu-
lent models: Kolmogorov K41 model, She-Leveque (isotropic log-Poisson model) of order 3; Iroshnikov-Kraichnan
model and Politano-Pouquet model of order 4. Two regimes were observed for large and small timescales: the
Gaussian distribution was used for small timescales for magnetic field fluctuation probability distribution function
(PDF), and the Lévy distribution was used for large-scale timescale non-Gaussian distributions. The intersection
of two asymptotes corresponds to approximately 1s, which agrees with the ion-cyclotron period.
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INTRODUCTION

In the process of interaction of the solar wind
with magnetosphere, we are not dealing with a se-
quence of additive reactions of the magnetic layer to
disturbances in solar wind, but rather with a com-
plex large-scale nonlinear system, in which a “catas-
trophic” restructuring of the current and magnetic
topology takes place. The result is a complex turbu-
lized environment, in which perturbations of MHD-
parameters of large amplitude are represented in a
process with a probability significantly higher than
that assumed by Gaussian distribution (we have het-
erogeneity (intermittence) of turbulent processes; an
alternation of quasi-laminar and turbulent forms of
movement).

Theoretical consideration shows that an attribute
of intermittency of turbulence is associated with hid-
den statistical symmetries (symmetries of scale in-
variance) of dynamic equations describing motion
[3]. Random perturbations of speed and other pa-
rameters of the turbulent flow with intermittence
have non-Gaussian statistics |1, 8]. Thus, dynam-
ics of this process will be described by a power dis-
tribution law and multiscality (spectrum of charac-
teristic scales). It is currently impossible to solve
the problem of turbulent plasma dynamics (in three-
dimensional geometry) analytically or numerically,
and to determine the type of turbulence with nec-
essary details on a large time scale. Therefore, we
need to determine statistical properties of turbulence
from experiment and compare the results with exist-
ing models.
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It should be noted that despite the fact that pow-
erful analytical methods are developed in the theory
of turbulence, modern analytical models still do not
achieve the same degree of detail and accuracy as
semi-empirical cascade models, based on statistical
methods [1, 5, 6, 12]. This is especially true for a
description of turbulence with intermittence. As in-
termittence is not only the result of turbulent “activ-
ity”, but also turbulent “activity” itself is distributed
unevenly.

METHODS AND APPROACHES

For the data series X(¢) the evolution of maxi-
mum of PDF for investigated parameters P;(0) with
a time scale change 7 can be approximated by a
power law [1, 4, 7]:

PT(O) ~ Tﬁs,

where for Gaussian distribution the exponent is s ~
0.5 and for non-Gaussian distribution it is s > 0.5.

The more the s value differs from 0.5, the longer
the scales on which correlations in the system and
reorganization processes are present.

For turbulence with intermittence, the likelihood
of significant fluctuations on the wings of the dis-
tribution will be high due to excess energy of the
large-scale disturbances, generated by the source.

It should be noted that examination of the prob-
ability’s density is equivalent to a sequence analysis
(in principle, infinite) of statistical moments. Here-
with, due to normalization condition, zero-order mo-
ment is equal to one; the moment of the first order,
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also called a mathematical expectation, gives the av-
erage value of the quantity. For moments of the sec-
ond and higher orders, central moments are usually
used, calculated on average values. (A central mo-
ment of the second order is dispersion).

Evolution of the maximum function of density
distribution with time of fluctuations’ probability of
MHD-parameters indicates the presence of homoge-
neous or heterogeneous turbulent processes.

For specification of the type of turbulent pro-
cesses, an analysis of statistical moments (structural
functions) of high orders has been performed.

While analysing fluctuations variable in time, a
structural function S; of MHD-parameters X () of
the order ¢ is determined on the scale 7, as a sta-
tistical average over the ensemble of relations [5]:
SalT) = (IX(t+7) = X(B)]1) ~ 7<),

To analyse moments of the distribution func-
tion, a determining factor is the availability of
enhanced self-similarity property (extended self-
similarity, ESS). This phenomenon was discovered
experimentally in the study of small-scale hydrody-
namic turbulence in the wind tunnel, and led to de-
velopment of generalized self-similarity criteria for
any pair of structural features:

¢la

Sa(l) ~ Sp(1) 5.

It is assumed that such self-similarity is a manifes-
tation of hidden statistical symmetries.

Accordingly, during analysis, structural functions
are plotted on a double-logarithmic scale. Herewith,
linear plots appear in inertial interval, declination of
which gives the value of power indexes ((g).

Using the attribute of extended self-similarity, we
can find with a fairly good accuracy ((¢) and assess
the type of turbulent processes.

For Kolmogorov’s isotropic turbulence K41 —
¢(q) = q/3, and for the two-dimensional turbulence
Iroshnikov-Kraichnan model (IK) — ((q) q/4
[5, 10, 11, 14].

It should be added that the IK model is used to
explain MHD-turbulence in the presence of strong
anisotropy of processes, induced by magnetic fields.
Herewith, turbulent disturbances are small in ampli-
tude and spread along the middle field (Alfvén tur-
bulence), while Kolmogorov assumptions are valid, if
the magnetic field fluctuations dominate over exter-
nal magnetic field.

Nonlinear functional dependence ((q) on the or-
der of the moment ¢ for experimental data is the
result of intermittency of the processes.

To interpret the nonlinear dependence ((q), a
range of models is used: lognormal, S-model, log-
Poisson, and others [3].

As part of the work, the comparison of results
of research with log-Poisson turbulence model and
Pulitano-Pouquet model was made. For log-Poisson
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model ((q) is determined by a correlation [2]:

1—5[1_ﬁ§]’

where 8 and A are parameters that characterize the
intermittence and singularity of dissipative processes
respectively. It is important to note that by varying
parameters A and § we can get a power index for
different types of models. So, for three-dimensional
isotropic turbulence, in which the logarithm of en-
ergy dissipation is described by Poisson distribution
[A ]: B = 2/3 are She and Leveque (SHL) parameters
13].

Politano and Pouquet [12| generalized She-
Leveque model for a case of existence of two-
dimensional dissipative structures. Herewith, the de-
pendence ((q) has a form of [12]:

Clg) =q/8+1—(1/2)9%,

Cla) = (1-A)3 +

SATELLITES USED FOR MEASUREMENT

To study turbulent properties of the environment,
ferroprobe measurements of magnetic field fluctua-
tions of the spacecraft C2 of the “Cluster-2” mission
were used.

Regions of the spacecraft’s passage through the
magnetic layer (one of the most perturbed regions of
near-Earth space) were analysed. Herewith, KA was
moving from the solar wind (SW) plasma and was
consistently passing the foreshock region (FSH), the
shock wave (BS), the postshock region (PSH), the
magnetic layer (magnetosheath, MSH), and entering
magnetopause (MP) region.

Examples of satellite measurements of the mag-
netic field fluctuations with discreteness of 22.5 Hz

are shown in Fig. 1.
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Fig. 1: Magnetic field fluctuations in different regions
from the C2 satellite.

From Figurel it is evident that fluctuations in
the magnetic layer differ significantly from the level
of fluctuations in the unperturbed solar wind, espe-
cially through a much higher variability of the mag-
netic field. Relative field variations (deviations of
parameter in some interval, attributed to the average
value of this interval) in magnetic layer exceed the
value in solar wind in about 2—4 times. The biggest
fluctuations in the magnetic field are observed at
the front shock wave and PSH regions. However,
even with almost complete absence of fluctuations
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of the magnetic field in the solar wind, there are
variations in magnetic layer that have high levels of
disturbances. Thus, the nature of turbulent plasma
flow in MSH is not directly connected to the turbu-
lence in SW and largely is a manifestation of internal
magnetosheath processes.

Furthermore, we should not forget that we anal-
yse fluctuations of the magnetic field and not the
velocity of the flow — meaning that there can be a
difference between the fluid and MHD-environment.

RESULTS

During the analysis of the properties of fluctua-
tions (absolute value) of the magnetic field module
7 shift in time was chosen (7), aliquot discrete mea-
surements — Ty, = 0.0445s.

The results of magnetic field fluctuation PDF
change for the solar wind plasma, foreshock region
and magnetic layer region are shown in Fig. 2, 3 and
4. The evolution of magnetic field fluctuation PDF
height for different time scales is shown in Fig. 5.

Exponents of the maximum magnetic field fluc-
tuation PDF for different time scales are gathered in
Table 1.

Based on plots and parameters collected in Ta-
ble1, we can conclude that in the range of 1s (ex-
cept for the case of solar wind plasma), distribution
significantly deviates from Gaussian. On the scale
of more than 1s, exponent values are in the range of
0.62 to 0.47.

An important point of the results is the presence
of intermittency in the transitional areas of Earth’s
magnetosphere on a small scale. For solar wind
plasma, the change of the maximum density func-
tion of probability is similar to a typical Gaussian
distribution, in the sense that there is no intermit-
tency.

During analysis of features of structural functions
(moments of function of probability’s density) of dif-
ferent ranks g according to the time interval 7 for
the series of data B(t), a structural function was de-
termined through the correlation [6, 9]

Sq(r) = {|B(t +7) = B(t)]*) ~ @,

where, (...) means averaging experimental data over
time.

Power dependence of the type S,(7) ~ 7¢(@ (i.e.
self-similarity — linear relation) is observed in a lim-
ited range of time scales, corresponding to the iner-
tial range. In the transitional areas of Earth’s mag-
netosphere such interval is observed on the scale of
~1s — a value that is close to ion cyclotron period
for the analysed satellite measurements. Presence of
data with discreteness of 22.5 Hz allows one to anal-
yse structural functions of high levels and thus to
determine properties of turbulence even on a small
scale (up to 1 s).
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Fig. 2: Relation of absolute value of magnetic field fluc-
tuations in solar wind PDF for Jan 6, 2007 for various
time scales: where is 1 — 0.0445s,2 — 0.89s,3 — 1.78s
and 4 — T7s.
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Fig. 3: Relation of absolute value of magnetic field fluc-
tuations in foreshock region PDF for Jan 6, 2007 for
various time scales: where is 1 — 0.0445s, 2 — 0.89s, 3
— 1.78s and 4 — T7s.
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Fig. 4: Relation of absolute value of magnetic field fluc-
tuations in magnetosheath PDF for Jan 6, 2007 for var-
ious time scales: where is 1 — 0.0445s, 2 — 0.89s, 3 —
1.78s and 4 — T7s.
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Fig. 5: Maximum value for magnetic field fluctuation
PDF P(0) in logarithmic scale for 3rd March 2004. Ex-
perimental data approximated with a line: P ~ ¢t7°: 1
— foreshock, 2 — magnetosheath, 3 — postshock. Val-
ues of s presented in Table 1.

Comparison of experimental data with three-
dimensional models of turbulent processes was con-
ducted by examining exponent of structural func-
tion’s level, normalized to value of the third mo-
ment, since for Kolmogorov’s turbulence model, K41
¢(3)=3/3=1.

For comparison of experimental values with two-
dimensional turbulence models, the dependence was
found to be ((q)/¢(4) (and for Iroshnikov-Kraichnan
model, it was ((4) =4/4 =1).

Received dependencies ((q)/¢(3) during the anal-
ysis of small-scale turbulence and their compari-
son with Kolmogorov’s and log-Poisson models with
parameters She and Leveque (isotropic log-Poisson
model ((q) = q/9 + 2(1 — (2/3)%/3, are shown in
Fig.6.

Comparison of experimental data with two-
dimensional turbulence models Iroshnikov-
Kraichnan and Politano-Pouquet models, is shown
in Fig. 7.

DISCUSSION AND CONCLUSIONS

From the analysis of the wings of the density dis-
tribution function of the probability of magnetic field
fluctuations, a presence of intermittency in transi-
tional regions of the Earth’s magnetosphere was ob-
served. Analysis of the height of the maximum func-
tion of fluctuation probability density showed that
at high frequencies (on a small scale) the turbulence
structure is different from that of the low frequency
area. Thus, the following characteristics of turbu-
lence can be noted: during the passage of the satellite
through the plasma of the solar wind, intermittence
in turbulent processes is absent (in the analysis of se-
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lected areas, where fluctuations of parameters are up
to 0.1-0.4nT). During analysis of the data for fore-
shock, postshock, and magnetic layer, we have two
asymptotic regimes of change of the maximum func-
tion of density of probability; for large time scales
change of maximum density function is similar to
typical Gaussian distribution, while for small time
scales observed features have non-Gaussian statis-
tics. Intersection of two asymptotes corresponds to a
value of approximately 1s, which is consistent with
the value of the ion-cyclotron period.

3ra@re3) B
il
il
TS T e

Fig. 6: Relation of exponential value of structural func-
tion of g-order to the 3-rd order structural function
for Jan 6, 2007. K41 — values calculated for Kol-
mogorov models; SL — values for isotropic log-Poisson
cascade model; MP — magnetopause region; SW — so-
lar wind region; FSH — foreshock region, MSH — mag-
netosheath, PSH — postshock.
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Fig. 7: Relation of exponential value of structural func-
tion of g-order to the 4-rd order structural function for

Jan 6, 2007. IK — values calculated for Iroshnikov-
Kraichnan models; PP — values for Politano-Pouquet
model; MP — magnetopause region; SW — solar

wind region; FSH — foreshock region, MSH — mag-
netosheath, PSH — postshock.
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Having two different modes indicates two differ-
ent processes: to describe processes with character-
istic scales larger than the ion-cyclotron radius we
can use magnetohydrodynamics equations, and to
describe processes with smaller characteristic scale
— kinetic equations.

It is determined that turbulent processes in so-
lar wind plasma are close to the two-dimensional
Iroshnikov-Kraichnan (in 82% of examined cases),
and in the middle of magnetic layer they are well de-
scribed by isotropic log-Poisson cascade model with
She and Leveque parameters. The largest hetero-
geneity (intermittence) and anisotropy of turbulent
processes is observed in the postshock region.
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Table 1: Exponents of the maximum magnetic field fluctuation PDF for different time scales.
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Date Region S (0.00445-0.9968 s) S (1-10s)
2004/01/02 Solar wind 0.54 +0.03 0.48 £0.01
Magnetosheath 0.97 £0.034 0.56 £0.013
Magnetopause  0.77 £0.031 0.54 £0.021
2005/01/03 Solar wind 0.52 £0.022 0.45 £0.012
Magnetosheath 0.87 +0.023 0.52 £0.017
Magnetopause  0.64 +0.032 0.5 £0.015
2005/05/03  Solar wind 0.50 £0.027 0.46 +£0.019
Magnetosheath 0.98 +0.036 0.52 £0.022
Magnetopause  0.64 +0.05 0.53 £0.031
2006/05/04 Solar wind 0.5 +£0.03 0.49 +£0.014
Foreshock 0.77 £0.034 0.46 £0.014
Magnetosheath 0.91 +0.042 0.6 £0.017
2007/03/20 Solar wind 0.54 £0.041 0.43 +£0.012
Magnetosheath 0.87 £0.072 0.51 £0.021
Magnetopause  0.76 £0.051 0.53 £0.015
2007/01/06 Solar wind 0.52 +0.06 0.48 +£0.018
Foreshock 0.87 £0.083 0.57 £0.028
Postshock 0.99 £0.091 0.58 +0.031
Magnetosheath 0.82 +0.097 0.57 £0.034
Magnetopause  0.79 +0.044 0.43 £0.031
2007/04/02  Solar wind 0.51 £0.052 0.49 +£0.016
Foreshock 0.86 +0.058 0.5 £0.013
Magnetosheath  0.93 +0.092 0.53 £0.045
2007/03/20 Solar wind 0.54 £0.083 0.43 +£0.019
Magnetosheath 0.87 +0.099 0.51 +£0.045
Magnetopause  0.76 £0.097 0.53 £0.028
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