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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 J
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MAGNETOSPHERIC SYSTEM
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SPACE PLASMAS AND MODERN CONCEPTS FROM COMPLEXITY THEORY H

e 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).
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CHAOTIC ALGORITHM
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FLOW CHART OF CHAOTIC ALGORITHM

- Local Data = Timeseries
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Reconstructed Phase Space Phenomenological
_ s el Characteristics
Law of Internal Dynamics _

dx Dynamic Degrees of Freedom
E =F(X(t),u(t), 4, w(t)) Dynamic Instability

Chaos — SOC - Turbulence

Test of Null Hypothesis
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Non-Linear Prediction Models
Spatiotemporal Modeling



SYNOPSIS

Chaotic Analysis
Dimensional Analysis

Statistical Analysis Turbulence Analysis




Non - Linear Physics

Dynamical Non-Equilibrium Stochastic
Systems Thermodynamics Processes

Renormalization

Tsallis Theory Group Theory
Non-Equilibrium (RGT)

Statistics

Fractional Extension
Of

: Dynamics
Scale Invariance y




Tsallis Extension of Statistics
Nonextensive Statistical Mechanics

Microscopic Level Pa— Macroscopic Level

Quantum Complexity
Quantum Phase Equilibrium Phase Transition

Non — Equilibrium
Phase Transition
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Dynamical Bifurcation

dx/dt = f(Xx,A1)

Non — Linear Dynamics

Critical Points
Bifurcation Points

(A)
Gaussian Equilibrium
Critical States
Equilibrium Phase
Transition
Power Laws

()
Self-Organization Structure
Dissipative Structures
Long Range Correlations

(®)

Low Dimensional Chaos
Strange Attractors
Turbulence
Spatiotemporal Chaos
Scale Invariance
SOC
Intermittent Turbulence
Non Gaussian Prob.
Fractal Dynamics



e SELF_ORGANIZED _CRITICALITY _______|

In SOC systems the

uncertainty grows with | 1 /f“noise” — power law scaling
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__________SPATIOTEMPORAL CHAOS |

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

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.
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TWO CONTROVERSIAL THEORIES OF COMPLEXITY H

Many Degrees of Freedom (proportional
to the size of the system) —Stochasticity
> Weak Chaos (Zero Lyapunov Exponent)

> Autonomous - Robust
> Impossible prediction
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FIG. 4. Distribution of lifetimes corresponding to Fig. 3. (a)
For the 50350 array, the exponent a=0.43 yields a 1/f noise
spectrum f~'*7; (b} 202020 array, @=0.92, yielding an
£~ spectrum

» Few Degrees of Freedom - Determinism

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

» Control Parameters
» Short term prediction




SOC & STRONG CHAOS COEXISTING

(M. de Souza Viera, 1996)
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e — destroy SOC via
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e
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.
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rameter space of Ihc_ ;Imllz.lsln: l_.agru'q:l;ln._.’l.mus I:'ﬁ]lx-:'l;! directions of ?aﬂnp'.‘lmg ed pomnls L™ an . ATTOWS IDEKate direchions of meneas- N-parameter affine space. § is an (N — | )-dimensional surface of constraint,
increasing <. There is a fixed point (4L/3=0) a L®. mg . and the heavy line represents an (X — 2 j-dimensional surface of criticality,

(Tom Chang, 1999)




Renormalization Group Theory (RGT)
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THEORETICAL UNIFICATION OF FAR FROM EQUILIBRIUM
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Fractal topology and strange Kinetics:
from percolation theory to problems in cosmic electrodynamics

L M Zelenyi, A V Milovanov Piysics— Uspekhi 47 (8) 749— 788 (2004)
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Linear Non-Linear Dynamics
Classical Physics (Particles and Fields)
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Gaussian Statistical Mechanics

Liouville Equation — BBGKY Hierarchy . ™
Langevin Equations
Fokker Planck Equation
(Boltzmann — Vlasov Theory)
Normal Diffusion Theory

Partition Function Z

Statistical Entropy

Thermodynamical Theory
(Equilibrium Thermodynamics
Fluctuation Theory
Central Limit Theorem)

Langevin Equation dX; = u( X, t)dt + \jg?D(Xf_. t)dW,

92

d ,
s D(z,t) f(x,1)].

Fokker Planck O

| ", |
Equation 5% (z,t) = o (u(z,t) f(x,t)] +




Turbulence - Intermittent Turbulence

Uriel Frisch - Turbulence (The Legacy of A.N. Kolmogorov)
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Uriel Frisch — Turbulence (The Legacy of A.N. Kolmogorov)
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Multifractal intermittency velocity structure
Uriel Frisch — Turbulence (The Legacy of A.N. Kolmogorov)
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Multifractal B model

Legendre transformation
Uriel Frisch — Turbulence (The Legacy of A.N. Kolmogorov) d
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Fig. 8.13. Geometrical construction of the Legendre transform {a) and the inverse
Legendre transform (b).
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Multifractal Intermittent Energy Dissipation
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Multifractal Theory

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

g =kI—Et|F?I

S =klng W (5] = Sgg). Sq =k (Ing(1/pi)) . q q—1
. if}‘ d—g _
}’=[|+(|—Q]X]l“"l_['rj§€$ (ef =¢€"). d_::‘f‘q y:l ’ lzlnq.r (x=0;Injx=Inx),
X l—g
5«?{*‘:3} _ 5#;;“” N Sﬁf} L _qysﬁ’i‘” S”EB). S,[A + B] = 5,[A] + 5,[BIA] + (1 — @S, [A]S,[BIA].

Generalized Fokker-Planck Equations

3 p(x, 1) 3 [p(x, )]
_— = 0 < 1:0 <y <2).
ap(x, 1) " [p(x, H]* 4
=10 0 < 2: 3).

at Y. a|x|}, ( = }’ = q = )

L,(x) oc — (|x| = 00:0 <y < 2), Levy Distribution
x| HY
Po(x) ¢ ——— (|x| = o0; 1 < g < 3). g-Gaussian Distribution o - =
4 |x|2/(g—1 y
2 ifg <5/3.

Y = 3=

q .
1 it5/3 < g < 3,



g-extension of thermodynamics

N o PAE V) B 1
Zy= 2.8 Fy=U, =TS, == Iz,
_ q _ 0S
=Pl bl B=1/KT U, =gz, 2=
B T au,
(E), =2 P'E/ ) pi =U, 05, U, _&'F,
conf conf Cq ET — — _T ;
oT oT oT

g-extension of central limit theorem

g-independent random variables
FylX + Y1) = Fo[X1®) ® e F[YIE).  Flf1E) = fd.r ef @, flx).

where hix, v) is the joint distribution. Therefore. g-independence means indepen-
dence forg = 1 (1.e., hix, v) = fy(x) fy(¥)), and it means strong correlation (of a
certain class) forg # 1 (1.e., hix, v) & fx(x) fy(v)).



The g-triplet of Tsallis

Gaussian-BG equilibrium (gstat=gsen=qrel=1) =—>»  Nonequilibrium (gstat, gsen, grel)

%ﬂf“’__ (¥0)=lgeRy —3 (gstat, gsen, grel)
Equilibrium PDF —_ Metaequilibrium PDF
(astat) o) gy 20~ —5  P@=[1-0-0h, ]

Equilibrium BG entropy production —_ Metaequilibrium g-entropy production
| 1 1
K, =lim fim fim =21~ @ > - F(a)=f (@) =0
T t=Wa=Nae= I I — Gsen Wmin Wmax

(gsen) : Ax(r)

d = g B!t = lim ,

as = Ag, & ¥, —_—> E=eu . ¢ Ax(0)—0 Ax(0)

di‘ Ten

Equilibrium relaxation process — Metaequilibrium nonextensive relaxation process
(arel) a@=[0-0@N/[00)-0@)] om-toam 5 al)=g™
ot T b
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Intermittent Turbulence - Tsallis Theory
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Strange kinetics
Michael F. Shlesinger, George M. Zaslavsky & Joseph Klafter NATURE - VOL 363 - 6 MAY 1993

Fiz 1 lliustration of the opology of dynamical system orbits in the phase
space (x pl. Starting from some initial conditions, the orbit is generated by
an Infinite set of iterations, equation (2), and each iteration gives & dot on
the (x, p) plane, Such a procedure is called a Poincaré section. Instead of a
continuous curve, the orbit is represented on the (x p) plane by the set of
values {x,, p,) taken at special set of time instants, We plot a typical part
of the (x p] plane for equation (2) with K,=1.2 The regular orbits
{8y, B, B, B,, .. .} describe guasiperiodic motion. In contrast to them, there
is an orbit which fills the domain A={A. A., A5, A.. A.) (except for some
area in Its central part). There is no possibility of fitting all of these points
onto one curve. This orbit represents chaotic motion. The area A Is a
‘stochastic sea’. Inside A there is a set of islands’ in which the motion is
regular. Domain A borders a big island along the curve A 4, (there is only
a part of the island in the figure and the orbits B, , B.. ... are closed in this
island). The gensity of points in the ‘stochastic sea’ area (or distribution
function) displays how often this part of the phase space has been visited.
The density is inhomogenaous and the mosl visiled parls are narrow strips
close to island boundaries, Dark strips of high density points are distributed
along the border (4, A<} of the big island, around the smaller island and its
five satellite sub-islands.

(Rt} 1" Pl k) =exp (—constant x n|k|™)
(| R}~ r* (te=a0}  p.(x)~constantx n/x'*=

F= lim |Ax]**/|A1)® = constant
Ar—Ax—={



FRACTIONAL KINETIC EQUATION
(FRACTIONAL FOKKER-PLANCK-KOLMOGOROV EQUATION)
Zaslavsky G.M., Chaos, fractional kinetics, and anomalous transport, Physics Reports 371, 461-580, 2002.
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FRACTIONAL INTEGRAL MAXWELL EQUATIONS
Tarasov V., Electromagnetic field of fractal distribution of charged particles, arXiv, arXiv:physics/0610010, 2006.

Using the fractional generalization of Stokes's and Gauss's theorems (see Appendix), we
can rewrite the fractional integral Maxwell equations in the form
1

=0 Jw

f 3 (D, v)div{ea(d, r)E)dVp pdVp,
'

[t eurtien, 2B, 80 - 5 [ B,a50),
J: ot Js

[ 51 (D, x)div(ca(d, r)B)dV; — 0.
JW

. a [,
[t @) curl(eaty.B).dS) = po [ (3,d8a) + <oy [ (B, dSa),
3 Js tJs
As a result, we have the following differential Maxwell equations:
dz'r(cg[d:r]E) L Dorlp.
=i

e.‘ur!{cjh',r]E) —cg[d,r]%ﬂ,

div (cg{d,r]B} 0,

dE

CHTE(-!TLI::';-':I':IE) pocald, r)J 4 Eupucg[d,r]ﬁ_

1y f¢ 92-d - 2-Pr(3/2),  p_s
2 ’flilfllr,,_y dS; = ca(d, r)dSs, ofd,r) = — _.|r|'£_2_ dVp = e3(D,r)dVy.  (D:r) T2 b3 I

I'(v/2)

c1(v, r)



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

we can derive the fractional Liouville equation [10] for N-particle distribution function in the
form

PN § Qupn =0, (26)

The omega function €, is defined by the equation

n

N
Z Z( K Piaba + (g FiLa)- (28)

Here we use the following notations for the brackets

N84 9B  9A aB) 29)

{A, Bla ZZ(

P AL R R R
Using Eqs. (26), (28) and (27), we can rewrite the Liouville equation in the equivalent form

Opn

Tk = LypN. (30)

where Ly is Liouville operator that is defined by the equation

N - o -

- 9(Kypn) | d(Frin)

Lypy=-) a+ = ) (31)
k:1( dqy dpy; )

Here we use definition of 2-particle distribution function po. This distribution is defined by the
fractional integration of the N-particle distribution function over all q;, and py, except k=1, 2:

po = p(ai,p1.q2, p2.t) = 173, ..., N]pn(q, p.1). (77)

The fractional generalization of 1-particle reduced distribution function p; can be defined by
the equation

pr(a,p.t) = plar p1,t) = I%[2,.... N]pn(q, p.1). (67)

Therefore the fractional generalization of the first BBGKI equation has the form

9p1

5 = L1 +1(p2),



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

(1) The equation of continuty,

d -
(E :}P —PV i Uk

(2} The equation of balance of density of momentum,

P(%J Uk = pfi = Vip.

(3) Faraday's law,

rruri(c]{’;r',r]E) —cg[d,r]gﬂ.

(4) The absence of magnetic monopoles
div (cg{d,r]BJ 0.

(5) Ampere's law,
curl (-:'1 [y, r]E) pocald, r)d,



Fractal topology and strange Kinetics:
from percolation theory to problems in cosmic electrodynamics

L M Zelenyi, A V Milovanov Piysics— Uspekhi 47 (8) 749— 788 (2004)
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Figure 3. {a) Defmition o the Hausdor{Tdimens om g, The num ber of the Iractal structural elemends insde a hypersphere of tadius ris proportional tor®
Delmitiom aof the conmactvily mdex: (b) # = (I, the Hawsdord] dmenson of the podeac p conmeching pomis Py and Py i equal toone; (o) 83 0, the
Hasdor] domension of the geodes oy conmecting pomis Py and Py 5 necessarily grea ler than one (d) 8 < 0, the geadesie p comnactmg poants Py and Pyas
everywhere decontmuous and 115 Hawsdor{T drmension 15 stnctly less than ome.




Fractional Kinetic Equation Solar Photosphere

L M Zelenyl, A V Milovanov Physics— Uspekhi 47 (8) 749— 788 (2004)

Gy 24
ot - Ivr I:HIP]

x LI (
E:j?'ﬂli'(fafj— 1 d J di?

I(m—a) o ) (1 —g)t+e™ (d,r),

o 1 o ¢ dy/
_gw“rr]_m—j E’J_j %l}'f(f,r’l].
al.«' o '{ j i o I\(lr' - l.«'] Figure 19. The roots of intense flux tubes are continuously shuffled by

multi-scale convective flows forming hierarchical fractal structures in the
solar photosphere.

Solar Wind

Figure 18. The aggregation of intense flux tubes of the interplanetary magnetic field. The inflation of tubes is due to the dynamic pressuredrop in the solar
wind cutflowing from the corona.




Fractal topology and strange Kinetics:

from percolation theory to problems in cosmic electrodynamics

L M Zelenyi, A V Milovanov Piysics— Uspekhi 47 (8) 749— 788 (2004*

- .J--FO-\-"'
5 ™
&
’ AN
%
i [
i
L kY o r
s
-
o H-lr ﬂ HEEOP’#

t=2nfm

= -

O ~ O
§

i

i

1

g

Figure 21. Fraciom are vibra bons of (racial blebks. Examples ane collastive
harmonic oscllabons o lurbulent magrebic ekl clols amund some
commdmn ajwihlriwm pomi. Shown are the slakes of the chls separaled

by the oscllabon hall-peryod, Ar = nfom.

Tk of [ 'Y T
———— =i AV x) + Dy PR x)

di
— Clere )l Wi x).

|—
—al
=
- —
. )
| —
[ —
[L=——
| ==
"

(11.28)

Figawe XL {a) The prncpal averaped nombnear elled manafesied ==
Imadon aecllabions indaessie i Lhe depenadence of the exca Lation (e uency
e o the amplitude | ¥, x) . For { > 0, the oscillation frajuency in the

L] exceeds the corresponcdme value m the cendral pariol the fracion. The
envelvpe of the nomlmear racton muxde = shown by the dashed hne

k) The devel oparenl of the maxlulation instaba Bty keads b gradus] energy
tranarision [rom the tal o the oore of the racton exc taton. Shown =
the posabon ol the envelope al two sucoesave momends of me ¢ = (F ancd

f= 1. The phenomenon cam be teate] as a sell-focusmg (oo sdl-

s weesrme) of the nonlmesr (racton mesde.



Tsallis statistics and magnetospheric self-organization

G.P. Pavlos?, L.P. Karakatsanis®*, M.N. Xenakis ?, D. Sarafopoulos?, E.G. Pavlos®
Physica A 391 (2012) 3069-3080

aF
':.F" = —I"— +N;,
A, Generalized Langevin Equation
NG (R )N (& ")) =20 (X) 8y (& — &) 8 (£ — )5 (%)
Gy (. B Fy) = (W ([J) W ([J) .. (@)
= s [owl o) o @) o (@) e T
N-point correlation function GN
Z (] (%)) = J,‘-mw] L and g-partition functions
Zy = Hmz ( (%))
.y _ 1 .E'r'f.z_,i.{,r{.f]} , , .
G (F®g. .. T = — _ Scale invariance principle
v (1. R v) = Z 5 (%1) - 8J (%2) - - - &) (% )
Br =g (k=) =--- =g - (k). n=0.1.2..... RG transformation

¢(Fr) = @) = 7).

At thelixed pDiI’I'[EE * of the RG Mow, the relation:
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