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Physical Theory from Past to Future

Mechanistic reductionism, microscopical causality
(from bottom to top)

Holistic multiscale distributed causality
(from bottom to top and from top to bottom) 

Irreversibility of time, novelty and creativity
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SPACE PLASMAS AND MODERN CONCEPTS FROM COMPLEXITY THEORY

• Fractal and Multifractal structures (Mandelbrot, 1982;  Grassberger &  

Procaccia, 1984; P Halsey, 1987)
• Non-extensive statistical mechanics (Tsallis, 1988)
• Fractal topology (Alexander and Orbach, 1982; Zelenyi and Milovanov, 2004)
• Turbulence – Intermittence Turbulence theory (Kolmogorov, 1941; 

Mandelbrot, 1999; Frisch,1996)
• Strange kinetics - dynamics (Shlesinger, Zaslavsky & Klafter, 1993)
• Percolation theory (Stanley, 1984; Havlin, 1984; Stauffer, 1985;Isichenko, 

1992; Milovanov, 1997)
• Anomalous diffusion theory and anomalous transport theory 

(Montroll, 1981; Shlesinger, Zaslavsky & Klafter,1993; Milovanov, 2001)
• Fractional dynamics (Leibniz, Liouville, Riemman, Weyl; Procaccia, 1985; 

Mainardi, 1997; Tarasov, 2013)
• Non-equilibrium phase transition theory (Chang, 1992).



CHAOTIC ALGORITHM 
Takens Theorem (1981)
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The Chaotic Algorithm is 
based in proficient 
mathematical concepts: 
Embedding theory, 
metrics, 
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manifolds, 
probability – 
information theory, 
dynamical systems and  
maps
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Non – Linear Physics 
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Tsallis Extension of Statistics 
Nonextensive Statistical Mechanics

Microscopic Level Macroscopic Level
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In SOC systems the 
uncertainty grows with 
time much more slowly

 

 
than does with chaotic 
systems. The uncertainty 
increases according to a 
power law, rather than

 

 
an exponential law. The 
system evolves on the 
border of chaos. This 
behavior called “weak 
chaos”

 

is a result of self 
organized criticality.  

Dissipative Dynamical 
Systems with extended 
spatial degrees of 
freedom and local 
interacting evolve into 
self organized critical 
states.

SELF  ORGANIZED  CRITICALITY

(Per Bak,  1988)

Space

Time

1 / f “noise”

 

–

 

power law scaling



SPATIOTEMPORAL  CHAOS

Defect Turbulence characterized by dynamical intermittency of regular and chaotic 
regions.

Intermittence turbulence is directly related to non-Gaussian dynamics.  Deviation of 
probability distributions from Gaussian distributions is a signature for intermittency.

A.V. Gapanov et al. , 1992

Collective Dynamics and formation of structures in fluid flow from finite dimensional 
vortex structures to the high dimensional turbulence.

A.S. Michailov and and A. Yu.Loskutov ,  1991



TWO CONTROVERSIAL THEORIES OF COMPLEXITY

SELF ORGANIZED CRITICALITY



 

Few Degrees of Freedom - Determinism


 

Strong Chaos – Sensitivity in Initial 
Conditions (one positive Lyapunov exponent)



 

Control Parameters


 

Short term prediction

LOW DIMENSIONAL DETERMINISTIC CHAOS



 

Many Degrees of Freedom (proportional 
to the size of the system) –Stochasticity



 

Weak Chaos (Zero Lyapunov Exponent)
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Impossible prediction
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SOC  & STRONG  CHAOS  COEXISTING 

The nonlinear friction 
force will generate 
rich dynamics and 
destroy SOC via 
chaotic behavior as 
the parameters are 
changed.

(M. de Souza Viera, 1996)



Theory of Chang

Coarse grained helicity

Intermittent Turbulence
Classical Instabilities

Non-Classical Instabilities
SOC



LOW –
 

DIMENSIONAL  BEHAVIOUR  &  SYMMETRY BREAKING  OF  
STOCHASTIC  SYSTEMS  NEAR  CRITICALITY

Using the concepts of the dynamic renormalization group, it can be 
demonstrated that nonlinear stochastic systems near forced and/or SOC

 can exhibit low dimensional and
 

fractal behavior.

Generally, there exist a number of fixed points (singular points) in the flow 
field where the correlation length is infinite. Then the system is at criticality. 
The scaling laws for this regions exhibit multiple power or other nonlinear 
characteristics.

(Tom  Chang,  1999)

Fig.1 Fig.2

Fig.3



Renormalization Group Theory (RGT)
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THEORETICAL UNIFICATION OF FAR FROM EQUILIBRIUM 
SYSTEMS

   , , ,i
i if t n t

t


 


φ x x        , exp , ,φ x φ φ φ x xP t D i L d dt     RL L  

Langevin

 

Εξίσωση Fokker-Planck

 

Εξίσωση

0L  

Σχηματική

 

αναπαράσταση

 

της

 

ροής

 

ομάδας

 
επανακονικοποίησης

 

με

 

δύο

 

ανταγωνιστικά

 
ευσταθή

 

σημεία, L*

 

και

 

L**.

 

[Chang, 1999].

AOK
(2ης

 

Τ. Α.Φ.)

ΧΑΟΣ

 

(1ης

 

Τ. Α.Φ.)

Κρίσιμα

 

Σημεία

Μακριά

 

από

 

το

 

κρίσιμο

 

σημείο

 

C, αλλαγές

 
πρώτης

 

τάξης

 

. Στο

 

κρίσιμο

 

σημείο

 

C

 
αλλαγή

 

φάσης

 

δεύτερης

 

τάξης. 
Απελευθέρωση

 

ενέργειας

 

με

 

δύο

 
διαφορετικούς

 

τρόπους

 

τοπικών

 
ασταθειών

 

(Rundle, 2003)

L

F

Εξάρτηση

 

της

 

συνάρτησης

 

δυναμικού

 
(Ελεύθερη

 

Ενέργεια) από

 

την

 
παράμετρο

 

L στον

 

μετασχηματισμένο

 
(configuration) χώρο

F U TS 

Boltzmann –
 

Gibbs Statistics q
 

Gaussian Statistics (Tsallis Statistics)

0i edS dSdS
dt dt dt

  
Χωροχρονικές

 

∆ομές, ΑΟΚ, ΧΑΟΣ, Τύρβη

 

κ.λ.π.

Επανακανονικοποίηση

Μετασταθείς

 

καταστάσεις

 

μακριά

 

από

 

Θ.Ι.

1 2

1

2
2

1





Linear Non-Linear Dynamics 
Classical Physics (Particles and Fields)

Ensemble FlowsForces -
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Deterministic Process Liouville Process



Gaussian Statistical Mechanics

Liouville Equation –

 

BBGKY Hierarchy
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Fokker Planck Equation
(Boltzmann –
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Normal Diffusion Theory

Statistical Entropy
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Turbulence – Intermittent Turbulence 
Uriel Frisch – Turbulence (The Legacy of A.N. Kolmogorov)

‘mother –

 

eddy’

 

‘daughters



Uriel Frisch –

 

Turbulence (The Legacy of A.N. Kolmogorov)
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Multifractal intermittency velocity structure
Bifractal β

 

Model

Uriel Frisch –

 

Turbulence (The Legacy of A.N. Kolmogorov)

singular exponent multiscaling exponents spectrum

singularity manifold fractal set-fractal dimension



Uriel Frisch –

 

Turbulence (The Legacy of A.N. Kolmogorov)
Multifractal β

 
model
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Velocity –
 

Energy Dissipation
Multifractal Structures

Multifractal Intermittent Energy Dissipation

Space time scale envariance



Multifractal Theory

generalized dimensions

Wikipedia 

least-dence points

most-dence points

Information entropy

Rényi

 

entropy

Information dimension

Theiler J., Vol. 7, No. 6/June 1990/J. Opt. Soc. Am. A, 1055



Multifractal Theory
Theiler J., Vol. 7, No. 6/June 1990/J. Opt. Soc. Am. A, 1055



Tsallis Theory 
Nonextensive Statistical Mechanics

Generalized Fokker-Planck Equations

Levy Distribution

q-Gaussian Distribution



q-extension of thermodynamics
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q-independent random variables

q-extension of central limit theorem



The q-triplet of Tsallis

Nonequilibrium (qstat, qsen, qrel)Gaussian-BG equilibrium (qstat=qsen=qrel=1)

(qstat, qsen, qrel)

Equilibrium BG entropy production

Metaequilibrium PDFEquilibrium PDF

Metaequilibrium q-entropy production

Equilibrium relaxation process Metaequilibrium nonextensive relaxation process

(qstat)

(qsen)

(qrel)



Intermittent Turbulence – Tsallis Theory
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• multi=-fractal and multi-scale 
diffusion in the physical space 

• Theoretical Estimation 
(Arimitsu, Arimitsu)
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• Spectrum of Structure Functions
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FRACTIONAL KINETIC EQUATION
(FRACTIONAL FOKKER–PLANCK–KOLMOGOROV EQUATION)
Zaslavsky G.M., Chaos, fractional kinetics, and anomalous transport, Physics Reports 371, 461-580, 2002.



FRACTIONAL INTEGRAL MAXWELL EQUATIONS
Tarasov V., Electromagnetic field of fractal distribution of charged particles, arXiv, arXiv:physics/0610010, 2006.



FRACTIONAL LIOUVILLE EQUATION FOR N-PARTICLE SYSTEM
Tarasov V., Journal of Physics: Conference Series 7, 17–33, 2005



FRACTAL GENERALIZATION OF MAGNETOHYDRODYNAMICS (MHD) EQUATIONS
Tarasov V., Magnetohydrodynamic of Fractal Media, arXiv,arXiv:0711.0305, 2007.





Fractional Kinetic Equation Solar Photosphere

Solar Wind





Generalized Langevin

 

Equation

N-point correlation function GN 

and q-partition functions

Scale invariance principle

RG transformation

Critical -

 

fixed points 



THANK YOU 
for your attention
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