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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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It is said that ...

« @VOoIg 0VSEY patnv moel. (AploTOTEANG)

- Aristotle: mathematics are abstraction from material objects
- Aristotle: discrimination between potential and energetic reality
- Plato: material objects are realization of mathematical forms

- Einstein: space time ,finite or infinite dimensional, participates in the
physical reality while fields and particles are geometrical properties the
space-time manifold

« Bohr Born, Heinsenberg: probabilism, as possibility or potentiality ,is
prior to the observed reality (ontological probaII)ailism according to Popper)

- K.Wilson: physicist try to explain nature by using only one scale but forget
that nature is a multi scale dynamical production

- Prigogine: material forms as dissipative structures as well physical laws
are novelty emergence through the non equilibrium and non reversible
physical self-organization process

« G.Nicolis: ordering and development of long range correlations in non
equilibrium systems cannot be explained by %ocal orces.

- P.Davies and C. Castro: in nature acts a global ordering principle



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 > Macroscopic Level

Quantum Complexity
Quantum Phase Equilibrium Phase Transition

Non — Equilibrium
Phase Transition

iti E.P.T.
Transition ( ) (NE.PT)

(Q.P.T)




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; = ;'.L[Xf, f)df + \/QD{XE, f)dﬂ”}

OKKer Flanc a a 82
oiton S (@,8) = — o [u(z,8) (@, )] + 55 [D(e,8) f(z,1)].



Distributed Dynamics

g-entropy extremization (Sq=max)
Basic principle of nature

- Multifractal phase space structuring
Random - intermittent timeseries - signals
q-CLT theory
= q-triplet
- Power laws, multiscale self-organization
- Long range spatial — temporal correlations
 Fractal — multifractal spatial distribution of fields — particles
(Non-equilibrium stationary states, NESS)
« Fractional Dynamics — Strange dynamics on fractals
- Anomalous diffusion
= Fractional Langevin process — fractional random walk
> Fractional Maxwell equations
FHD — FMHD
> Fractional accelerations — anomalous diffusions in velocity space
« K-energy distributions (non-equilibrium energy spectra)
- Singular functions — multifractal timeseries



What is Complexity Theory ?

Irreversibility of time, dissipative structures,

Entropy production and dynamics of correlations (I.Prigogine)

Indications from statistical physics

f A g BBGKY 3 Probability densi
TOCHO sy () oy

f= L, £.00) 0 T (X, Xy, X5),0}
f =V f +C f = Vaccum + Correlation components of pdf




Mathematical Extension

Hilbert Space Rigged Hilbert Space
Euclidean Space Non-Euclidean , Fractal Space
Gaussian Statistics Non-Gaussian Levy Statistics
Smooth Diff. Functions Singular Fractal. Functions

Smooth ODE-PDE Fractional Dynamics
Complex Laws of Nature —

Gregoire Nicolis

Classical science is a marvelous algorithm explaining natural phenomena in terms of building

blocks of the universe and their interactions. Physical phenomena reducible to a few fundamental
interactions

Complexity

* A new attitude concerning the description of nature

* Self-organization phenomena on a macroscopic scale

* Spatial patterns in on temporal rythms

* Scale orders of magnitude much larger than the range of fundamental interactions

* Order, regularization, information

* Dissipative Structures, Symmetry breaking — sudden transition from simple to complex




Indications from Quantum Theory

Commutative operators * Non Locality of quantum states

Coherence * Quantum Processes
Entaglement / Superposition *  Quantum Vaccum

= [P (xlw)dx=Jw o [x)dx , |w)=[|p){plw)dp= [w(p)|p)dp
v)=Zle)lelv) + [le)elv)os

All the physical space , the momentum space and the energy space are included

in the quantum state — physical objects.

w) =~

Holistic description of nature

W(E! I_;""i I_;N) * Wl(ﬁ)wz(r;), WN (FN) |:> Non local Quantum

Entaglement




Quantum Processes as Complex Processes

Quantum continous creativity of Nature at every scale, creation and destruction

ak)|n,n,,....n,..y=n’*|n,n,,...,n, =1,...)

a (k)|n,n,,...n, )=+ |n,n,,...,n +1,..)
1Ky, Ky Ky )= 87 (K,
(=20, O]00;,0)

) 87 (ky) A" (k) [0), [ACK,),a" (k)]=3,

Quantum Field Theory : states operators and observables

W (x)=(27)""

. é(k) e'*Xdk E=—") Destruction

v (x)=(27) ¥ [a" (k) e ™ *dk ==> Creation

Quantum Vaccum — {states of patricles-fields-matter}

| > Creation
| |

M X1 X500 Xy

D 1S SO S T O SO A



Quantum Complexity (M-Theory)

Quantum Vaccum

)

Supersymmetry
Super-gravity
Super-strings
Gauge Fields
Symmetry Breaking
Renormalization

Quantum Unification

Time Reversibility

D-dimensional Space
Point Particles
Strings

p - branes

Universe

Multiverse




Quantum Time Evolution

* Space-Time Symmetries
* Internal Symmetries unif
* Super Symmetry

Schroendinger-Heiseberg-
Dirac Formulation

Feynman Path Integral

-t
<l// 5 l|w’ t> - Nj D exp[é_‘- L((o’ (0) dX] Formulation
t




Reductionistic Laws of Nature

* Basic Laws (time reversible) -- Classical Theory

(action) _ — article and fields —
58 _5_[ L dt _O (P . L T I—particles + I—fields + I—gravity
gravity)
* Probablilistics (Probability Amplitudes Quantum Theory) Feynman Path Integral

N-point quantum particle corrleation amplitude (expectation value)

(@tTIA6), ), 40)]| st )= N [ Dala®), ()., (6, Texpl- [ Lox]

N-point quantum field corrleation amplitude (expectation value)

(O[T [P(Xet), - @(Xyt)1|O)=N | Dco[cb(xltl),...,qz(thNnexp[% [ L(g.9)dx]




Produced-Phenomenological Laws

Fundamental level (no entropy production)

Microscopic Time
Reversible Dynamics

Statistical

—

Mechanics

Phenomenological Level Entropy Production

Macroscopic Time irreversible Laws-
Phases

Probabilisticor DeterministicLinear or
non Linear Dynamics

Diffusion-Convection Fluids or Chemical
Dynamics

Population Dynamics

Climate Dynamics, etc.




The Entropy Principle as the Fundamental Law of Nature

Irreversible Diffusionin physical space — Holistic processes

%

Irreversible Diffusionin velocity space — Holistic processes
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The Entropy Principle as the Fundamental Law

of Nature
Entropy production Entropy Principle
Sent
o . dse™ ent
relaxation | equilibrium >0, 8™ =k j f(x,v,t)In f(x,v,t)dxdv
g ":h' __________ dt
/ 1
/ 1
// . .
/ ' 7' Relaxation Time Classical Science
, i * DeterministicFundamental Laws
’ | c .
/ - Time Reversible
z T

Complexity Theory Deterministic Time-Reversible

— Dynamical Laws

Entropy Principle

Fundamental Principle

:> Derived Laws, Local

Interactions

Global Holistic Entropy Dynamics



Thermodynamics as Fundamental Theory of
Nature

Cantor — Kelvin — Clausious — Boltzmann — Gibbs - Prigogine

Entropy Principle through Boltzmann Complexous dt

S —kInO Fundamental Definitnion (Boltzmann 1872)

() = Number of microscopicstates of the thermodynamic system

Fundamental law of Nature

~+E > = Canonical Thermodynamic System
E= Environment

> +E= |solated microcanonical system

Q, =Q.Q, >SS =8""+51

dSent — drsgnt +diS§nt

d"S:™ = reversible flow of entropy Equillibrium State
d'S:™ = irreversible production of entropy




Thermodynamic Potentials and Extremum

Principle
Fundamental Laws - Entropy Law

Isolated System (microcanonical)

Equillibrium-Metaequillibrium
Thermodynamic States

meta —equillibrium

* Local minimums of Free Energy
* Local Maximums of Entropy
Equillibrium-Metaequillibrium Phase
Transitions

~

>

equillibrium



Three stages of Thermodynamic Processes

First Stage : Thermodynamics of Equillibrium S=S_

Physical Meaning of partition function Z for canonical system

(internal energy)

(pressure)

S=kInZ+UT " =-x) pnp,

(free energy)




Three stages of Thermodynamic Processes

First Stage : Thermodynamics of Equillibrium

S = _Z , P In Pi Entropy as functional of probablity

For small Fluctuations AE of E from mean U :

InZ =InQQU) - pU
S=xINZ+UT ' =xInQU)

Q(U ) . number of microstates for canonical statistics

Z=QU)e ™ :>{

Second Stage : Near Equillibrium Thermodynamics

2
SZ = SO,Z + 582 +0 SZ = equllibrium state , = canonical system

Theorem of minimum Entropy production




Three stages of Thermodynamic Processes

Second Stage : Near Equillibrium Thermodynamics

Normal Fokker - Planck Equation

—[f( t)]———[A(X D t)]+—[D(X D t)]

prob density

Drlft lefu5|on

Ornstein — Uhlenbeck Process

0 o 1 o°
—f(x,t)=—[a f(x,t)]+=0c" f(xt
a (x,1) ax[ (X, 1)] 57 = — [T (x1)]
Gaussian Evolution Gaussian Statlonary Solution

1/2 —ax 212672

f(x,t) = (27Dt) V2e 020X

Boltzmann - Gibbs entropy extremization

Sic :—K‘Zi p.Inp, | > p. = 7 ~Lo=EilsT

> pE; =const.




Three stages of Thermodynamic Processes

Third Stage : Nonequillibrium Statistical Mechanics
Boltzmann - Gibbs, Tsallis and other entropic forms

Far from equillibrium Thermodynamics

S, =S,y +5S,; +5°S,

Self-organization
Dissipative Structures
Metaequillibrium stationary states , (NESS)

Tsallis g-Entropy _ q
]_—Z_ p.’ > p.E; = const. 1 se Py _’B/Zi P
Sq = —K ' | > P =—-—F¢, g-Gaussian Disribution
1-q Z,

g-Thermodynamics

Z,=> "5 s =«In z,, T =6S,/8U,, U;=) p'E/) P

Uq =—8Ianq/a,B \ Fq =UOI —TSq = —,3_1 |I’quq q=1 —> Boltzmann-Gibbs Statistics



Three stages of Thermodynamic Processes

Third Stage : Nonequillibrium Statistical Mechanics Z Tsallis
and other entropic forms - Fractional Processes

Fractional Kinetics

« Fractional FPE — Anomalous Diffusion
« Fractional Dynamics on Fractals
- Fractional Space-Time Derivatives-Integration

Fractal Time Contraction Fractal Space  Contraction
Processes Processes

Supper (persistent) diffusion 1<a<2 Levy Flights/walks , Levy-Tsallis
Sub (antipersistent) diffusion o<a<1 Levy non local processes

Power law waiting time distribution Power law distributions
Non-Markovian memory property Fractal Geometry (Physical/Phase)
Long range time correlations Fractal Matter-Fields distributions




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

L M Zelenyl, A V Milovanov Physies— Uspekhi 47 (8) 749788 (2004)

Mean — square displacement
Normal — Anomalous Diffusion

/ 7\ Non-equilibrium Stationary States,
| | /J Percolation Critical States
\/ < x?(t)>= Dt* =Dt*",0<H<1

EZEZL, l<u<?
a d

L % H= f 2460
r\f\ \'( (Non Gaussian dynamics)

. 6 >0,e <1< subdiffusion
#750<0¢ >1 <> superdiffusion

u=2H , ds=spectral fractal dimension
d=connectivity index
d= Hausdorff fractal dimension of space

H=Hurst exponent
dw=1/H=fractal dimension of trajectories
u=1H=1/2,dw = 2 <> Normal diffusion (Gaussian dynamics)

e ={competition between FTRW i Levy process}



Strange kinetics
Michael F. Shlesinger, George M. Zaslavsky & Joseph Klafter NATURE - VOL 363 - 6 MAY 1993

e e el Poincare Section of Phase Space
- Tt Intermittency in Phase Space
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« Stochastic Sea

» Fractal Set (Island, Cantori)

« Trapping — Stickiness — Levy flights

* Lyapunov Exponents = 0

« Strange Topology — Strange Dynamics
« Scale Invariance (RGT)

Levy Distribution —Anomalous Diffusion

(Rt~ 1" polk)=exp (—constant x n|k|")
(|R[}~ " (r+=a0}  p (x)~constantx n/x'"®
d@= lim |Ax]**/|A1)® = constant

A=A x—



Scale Invariant Distributed Dynamics

BBGKY Hierarchy

Boltzmann - Vlassov,MHD Theory, HD Theory
Scale Invariance - Singularities
{_’I _ ﬂ/ ,Z—_’ t' = ﬁl—a/&t _ ﬂl_ht G’ :/10:/30» =ﬂ/hu 6! _ /»La/361

Fractional Extension

Fractional Real - Space Derivative Fractional Time Derivative

g X
p” —5 1 C dx = =a am L
f(2.7)= | £(t.7) o £(6.7)= 1 0 de ”
- 8 s J - - : "t"r - f(g'? )
X r(l —ﬁ} cixX gl (r —-X }E o . ; l—(n_z _ a) o™ I!;.. (I . 9)1+.::f—m \ ;
VeE = _Gé = Zé‘ i Riemann 1 Liouville operator
or i Xiﬁ
Fractal i time random walks (FTRW)
o _ O 0% Fractal active time (Cantor set)
Ve =—¢€-= o' ractal active time (Cantor se
G ox” ox’

1< a<r persistent (super-diffusive) process
Riesz i Weyl operator

yLop 0 <a <1 anti-persistent (sub-diffusive) process
Levyflights T Levy walks Waiting time Power Law distribution

a(r)~

Power Law distribution

1
r1+a
1
go(f) = /28




Strange Dynamics in Phase Space

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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Three stages of Thermodynamic Processes

Entropic Principles

. non
/ q-descripable V—descripable\

q=1 qz1l others
U \global long range correlatiM
local gaussian correlation C.TsallisIntroductiorionextensive

Statistical Mecha8msnger, 2009

Other Entropic Forms

Renyi, Curado Kaniadakis k-entropy

Arneodo — Plastino Sharma-Mittal
Landsberg-Vedral Beck — Cohen superstatistics

Abe entropy Spectral Statistics




Theoretical Concepts

Near Thermodynamic Equilibrium Far from Thermodynamic Equilibrium

Euclidean Geometry-Topology Fractal Geometry -singular functions
Smooth Functions — Smooth differential Equations Fractional differential-integral equations
Normal derivatives-integrals

Fractional HD - MHD theory

HD — MHD - Vlason-Blotzman theory Anomalous diffusion —motion :
Normal diffusion-Brownian motion Strange Kinetics, Fractional Accelerations, K-

Gaussian statistics-dynamics distributions

Normal Langevin-FP equations Non-Gaussian statistics-dynamics

Extensive statistics — BG entropy Fractional Langevin-FP equations

Infinite dimensional noise Non-Extensive statistics — Extremization of Tsallis
White-colored noise entropy

Normal Central Limit Theorem (CLT) q-extended CLT
Intermittent turbulence

Normal Liouville theory Fractional Liouville theory
Locality in space and time (multi)Fractal Topology
Separation of time-spatial scales Power laws — mulitscale processes

Microscopic-macroscopic locality Memory - long range correlations
Equilibrium RG Nonlocality in space and time

Non-Equilibrium RG




Non-Equilibriun Dynamical Phase Transitions

dx/dt = f(x, 1)

Non — Linear Dynamics

9 )

v

Critical Points
Bifurcation Points

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

(B)
Self-Organization Structure
Dissipative Structures
Long Range Correlations

(C)
Spatiotemporal Chaos
Strange Dynamics (Attractors)
Levy Processes
Scale Invariance
Intermittent Turbulence

Tsallis Entropy
Fractal Topology
Anomalous Diffusion
Fractional Acceleration
K-Distributions




g-Extension of Statistics

Complexity Theory ” Entropy Principle
Nonequilibrium self-organization

1-2.p — —
S, =K pinp :k% S, = kMW = max
I 1 - _ﬂE
F :U —TS :—E?nqzq:m“f] Zq - E eq

F, (Free energy) = minimum => Nonequilibrium stationary states (NESS)

Tsallis Non-extensive Statistical Mechanics

g-Gaussian distributions:
Energy spectra, timeseries magnitudes

1—(1— 1/1—q e;ﬂE '
o LSO ST g y/(g-1)

q q
l'l.l_q.':r.:'
p() =|1-(1-9)f, ']

g=1 => Boltzman — Gibbs Theory



—
Kappa distributions

High Energy Spectra

Especially. for energetic (nonthermal) particle populations the q-exponential probability distributions
take the form of kappa distributions of two main types:

-K -1-1

& -UlL.K, ¢ -UlT

4t s ), PP )~ 4L g
K kL K kT

Pe,)-

Where [/ 1s the mamn kinetic energy U:(EJ (Livadiotis, 2015a). According to Livadiotis and
McComas (2009). the connection between kappa distributions and the entropic index q of Tsallis

non-extensive statistical mechanics 1s given by the transformation & = 1/ (g-1).



Tsallis Theory

Non-extensive Statistical Mechanics
q - Calculus

y=[14+(1—gx]"9 =¢ (ef =¢).

q

y = =lngx (x =0;Injx =Inx),

g-Product, g-Sum
1

1—q

X Ry = [.rl_‘i' +y' 7 — 1] (x>0, y=0),’

_|_
X bgy=x+y+ (1 —glxy

g-Fourier Transform (FT)

FylF16) = /d.x 65T ®, f(x)



Tsallis Theory

Non-extensive Statistical Mechanics

q-entropy
) 1—%W p?
Sq =klng W (51 =8pg). S5 =k{lng(1/pi)y. Sq =k qz_“j' -
SA+B) _ S, (A SB) | S(A)S,(B) pij = pi'pj (YG, j))
k k k k k Independents Sub-systems
W = W4 Wpg

S,0A + Bl = 5,[A] + §,[BIA] + (1 — q)5,[A]S,[B|A].  Statistically Dependent Sub-systems

where S;[A + Bl = S,({pij}). Sq[Al = S;({p{'D

ZP!—"‘IU"?}QS@[B‘A!']
conditional entropy S[B[A]l = == Wi, A
21 (P

(S¢1BlAi)q

I — Z}El(!’fi/}?fﬂ

where SqlBlA;] =
qg — 1

(=1, 2,..., Wy




Tsallis Theory

Non-extensive Statistical Mechanics

Generalized Fokker-Planck Equations

i p(x, 1) Y [p(x, 1)]* 1
W: B.y.q x| O<p=L0<y=2).
Sq
ap(x, 1) ' [p(x, "4 _
o = Dyq Xl (0 <y <2:qg < 3).
Ly(x) X[ (Ix] = 00:0 <y <2), [evDistribution
Pglx) W (Jx] = o0; 1 = g < 3). g-Gaussian Distribution
X[~
0 ifg < 5/3.
YV = 13-

q "
1 it5/3 < q < 3,



g-extension of Thermodynamics

_ Ba(E. — 1

Z, =Y g 15 F.=U,-TS, :—Elnqzq
conf

%, 1 OS
= / iq IB:]./KT U :—In Z , — = i
ﬂqﬂmzn;p Qaﬁqu ou,
2
E),=2_P'E/Q p'=U C ET85q:8Uq:_T8Fq
(B, cozm; cozm; ) P P OT 2

Non-equilibrium g-points correlations

1 O o
== — ... —Z.(J)
1 Z06J(X) J6I(X)

Gy (R Ry %) = (@(%) (%) (%, )



g-extension of Central Limit Theorem (q-CLT)

FX+Y1©) = FIXI®) @ FIVIE),  F )= f dx 5% ®, f(x).

where hix, v) i1s the joint distribution. Therefore, g-independence means indepen-
dence forg = 1 (Le., h(x, y) = fy(x) fy(¥)), and it means strong correlation (of a
certain class) forg # 1 (Le., hix, v) & fy(x) fy(¥)).

g-parameters { il -G -y -5 - }

_2q+k(l-q)

L = k=0+142,...
2+k(1—g)

(B P By) =( - Q- Gay) = Qe - Uyt Doen)



-triplet of Tsallis

The essence of the g-CLT (g-extension of CLT) concems the possibility of g-generalization of the
standard CLT by allowing the random variables that are being summed to be correlated through an
attractor as follows. For a sequence of x.x,...x,, of g, (keZ) independent and identically

distributed random wvariables with a finite g-mean and a finite second g-moment then their sum
Zy; =X, +X,+...+x, is g-convergent to the attractor of a g, , Gaussian distribution ng_l( Bi.x).
The ¢-FT of the attractor Gg,,(f:x) is the distribution Gg,(B.:x) (g-Gaussian). Thus. the
correlations are introduced through the ¢, products of g, - Fourier Transforms. The ¢-CLT includes

three physically significant g-parameters known as the g-triplet: (Pan. Peor. Psci) identified by the
relation:

(‘F:m“ Pwr > }—:lsd } = (qk—l * t?k L qk+1} = (qs:m el (}mi__qsm) (3 9)

The parameter P =P, | =q,,, .. describes the statistical attractor Gg,_,(5:x) of the g-independent
random variables. The P = F, =q, . describes the g-correlated random variables of the system and

the relaxation process of fluctuations toward the attracting stationary state. The P, =1, =q.,,.

describes the scale invariance of the multifractal structure of the system according to the
asymptotically scaling form:

NP (x) ~ G(_{%D) (40)

where P (x) is the probability function of the self-similar attractor (g-Gaussian) and D is the scaling
exponent characterizing the anomalous diffusion process (Baldovin and Stella. 2007):

cxt o P =y (41)

where 0 =g¢,., =¢_,. For non-Gaussian dynamics (¢, #1) the statistical attractor of the system
dynamics creates through the g-entropy extremization multiscale correlations and multifractal
structures in the phase space as well as in the physical space. From this point of view the ¢,
parameter describes the non-ergodic g-entropy production of the multiscale correlated process as the
system shifts to the state of the g-Gaussian attractor where the g-entropy is extremized in accordance
with the g-generalization of the Pesin’s theorem (Tsallis. 2004b). The ¢_, parameter. characterizes

the intermittent turbulence character of the spatially distributed complex and non-extensive system as
in the case of the solar wind system.



Multiplicative Processes in Phase Space — Physical Space

(a) (&) (c)

Ficure 2. Schematic representation of an isotropic multiplicative process. A large piece, (a), is
divided into two smaller pieces, (b). Both pieces or ‘blobs’ may have a different density of
measure, as indicated by the different shading. After the next iteration of the multiplicative
process, each piece of (b) is divided into even smaller pieces, (c), etc.

i

71714l

/Z//

N \ N

N

—> —>
(a) (b) (c)

Firoure 3. Schematic representation of three stages of a stretching and folding process. A piece (a).
is stretched in the vertical direction, contracted unequally (thus accounting for the unequal
thickness and measure) and then folded back to form the piece, (b). After another similar step, (c)
is obtained.

C. Meneveau and K. R. Sreenivasan J. Fluid Mech, (1991), vol. 224, pp. 429484



Multiplicative Processes (Holistic timeseries production)

Fioune 1, Typieal signals of a representative component of ¢, namely ¢ ~ (du, /dI}* normalized by
the mean - {a) was obtained in & laboratory boundary layer at a moderate Reynold number, and
(b} in the atmospheric surface layer at a high Reynolds number, For a deseniption of the

(a) ' b
| Iy
{a) f(x) -
(e
o4 0
Jﬂ
)
(b}

forx

1'.;:pt,-.:in|1vr|1.u| eofedibiong, see gﬂ.l anl table 1.

] 0.5 i
xfL

Fiousg 4. Binomial measure efz)/{e} on the unit interval, uzsing M = 0.8 or 0.4. {a) The original
uniform distribution of density, and (b) after one fragmentation. The total dissipation on the two
sides are 0.6 and 0.4, and the corresponding densities of e(z) are 1.2 and 0.8, {¢] ¢jz) after 9 steps
and (d) after 13 steps,

C. Meneveau and K. B. Sreenivasan
J. Fluid Mech, (1991), vol. 224, pp. 420484



Multifractal Theory

Theiler J., Vol. 7, No. 6/June 1990/J. Opt. Soc. Am. A, 1055
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Sq maximization produces multifractal phase space

Y VA (Biy). Y _ vy,

or* Or w

*Fractional Maxwell equations, fractional distributions
*Fractional Langevin-FP equations
*Fractional-multi scale acceleration

K distributions, singular-multi fractaltime series, g-triplet




Renormalization Group Theory (RGT)

Non-Equilibrium — Non-linear Complex Dynamics (Chang, 1992)

oQ. .

EI =1 (u, )’(t)+ n, ( ’k) 1=12,... Generalized Langevin Stochastic Equation
P(G( xt))= Random Field Distribution Function
ID(x)exp{—i 'IL(G’ g >d }dt Stochastic Lagrangian Dynamics

Scale Invariance - RGT - Fixed Points (SOC, Chaos, Intermittency, NESS, etc.)

oL/ol =RL (B} L | 4
oL'/dl=RL" 4

dP. /dl=2(R))..P
L'() ==V, (DU, ==V,,exp(A DU,

CRITICALITY

o (1
G8 (f1. s - o) = 72§ ) Zg = lin




Turbulence — Intermittent Turbulence

Intermittency

0| (@

Uriel Frisch — Turbulence (The Legacy of A.N. Kolmogorov)

‘mother - eddy -—> ‘daughters

J(::> .
,FQOO <

Fig o = 5]

‘ TFlux of
energy ©

Velocity

! | |
WJWWWWW )’ .o D
o " . . 1 PB-model cascade (eddies without space

Velocity

Time
‘P-model
~
l
=0
l, I,
>— -—n -|
17 b Wy 5

Two-scale Cantor set

S

filling)
z(q) =(q-1)d(q)
(B-model)
BO<p <
(= r”l?o
' -p" _,
5:{-’;? H{-’H

flo) = qulg) — t(q)

(g)=(g—-Dd(7)

| f@=D,+log 1-(1-9)“

B 2Xq°
' 7(7)=qa,-1-
% l+.fC§

Tsallis g-entropy principle

probability density P(a)
singularity spectrum f(a)

turbulence mass exponent 1(q)

P(a)=Z,1-(1-

]/(

2x7m2

—ﬁ[l-logz(u\/c_q )




q-triplet Tsallis

One-Dimensional Systems (timeseries)

q ent=q sen




The g-triplet of Tsallis

q-CLT —>  (Gk1: O Owea)= OStat, grel, gsen)

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

Dy, (O -Lges) (gstat, gsen, grel)

—
Equilibrium PDF —_ Metaequilibrium PDF
—

(g-stationary) I@2a)__pg, (52,5~ p() < [1-0-0)8, ¥ ]

dE,

Equilibrium BG entropy production g Metaequilibrium g-entropy production
1 1 1
K, = lim lim lim ¢~ > - (@) = (@) =0
T = Wa=Na= I I — ren Umin Wmax
(g-sensitivity) _ Ax(r)
d — Adsen ) = m .
dg = Mg —_ § = €4 $ Ax(0)—0 Ax(0)
dr e
Equilibrium relaxation process — Metaequilibrium nonextensive relaxation process

i = [0(1) - 0(@)]/[0(0) - O()] S = — = off) =&
(g-relaxation) Q{f)=[0{)—0O(=]}]/[O(0) - E'EIIE— ? —_— =€,



Experimental
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Neuropathy
Healthy

Netwarks

Aurora_Storm \ A

Aurora_Calm

Cosmic_Stars

Solar_Electrons

Solar_Protons
Solar_Flares |-
Solar_Sunspot

Solar_Bz '

Magnetosphere_Proton .

Magnetosphere_Electron

Magnetosphere_Ey

Magnetosphere_Vx

Magnetosphere_Bz

Geopotential

ACE Shock
ACE ICME

Vx Storm

Cardiac

Brain
Rainfall

Seismic

Temperature

Vx Calm

SW x1 calm

SW x1 shock
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Universality
of
Tsallis g triplet

Cosmic Stars
Space Plasmas
Turbulence
Energetic Particles
Climate

Seismicity

Biology

Human Body
Economic Systems
Information Systems
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Non-equilibrium Universality
Renormalization

L A Fix Points 01_: o
Non-equilibrium
Phase Transition

Increase Decrease
Fmin Sq
q_stat Cor. Dim. (D2)
q_sen rel
f(a) — Dq 4
E A L1 (Lyap. Expon)

Non-equilibrium

Free Energy Phase Transition

Far from Equilibrium

Far from Equilibrium

>
Equilibrium A



CHAOTIC ANALYSIS (SUNSPOT DYNAMICS)
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Sunspot Index TS

TSALLIS STATISTICS (SUNSPOT DYNAMICS)
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Interplanetary Observations (8 March 2012)

Coordinate System: GSE

ACE —
Cluste - (F S/ T ango) 5000
THEMIS-C (P22 e

2012-0308 110000

CLUSTER 4
(Re 16)

X

ACE
(Re 236)

~

THEMIS - E |
(Re -1.9)

THEMIS -C
(Re -59)

The locations of spacecraft ACE, CLUSTER 4, THEMIS-E and C, on 8 March 2012
11:00 UT are shown. The green bow-shaped structure corresponds to the bow-shock,

while the white-shaped structure to magnetopause and its axis are in the Geocentric
Solar Ecliptic (GSE) system.



Solar Wind - Magnetic Field
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Solar Energetic Particle
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Solar Wind - lon Flux

Phenomenon (C) 26-09-2011
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Extension of Thermodynamics

Near Thermodynamic Equilibrium

BoltzmannGibbs Entropy and
Statistics.

Gaussian probability density functions.
Normal Classical and Quantum diffusio
Langevin, FokkePlanch Equations.
Classical MechanieBield Theory and
QFT.

Unified Quantum Fields, Electromagneti
Weak, Nuclear.

Smooth Spacdime Manifolds Euclidean
NEIERRIED

Critical SeHOrganized States.
Seperation of Dynamics and
Thermodynamics.

Matter ~ Energy

Equllibrium RGT and Reduction of
dimensionality (Dfinite).

Normal Central Limit Theorem

Far from Thermodynamic Equilibrium

Tsallis Entropy  and other Entropies
Statistics.

Levy— Tsallis non Gaussian distributiong
Fractional Classical and Quantum
Diffusion, Langevin, Fokkd?lanch
Equations.

FractionalMechanicsField Theory and
QFT

Unified EW-N+ gravity .

Fractal Spacdime Sets.

Critical Dissipative Sefdrganized
Structures.

Unificationof Dynamics and
Thermodynamics.

Matter ~ Energy ~ Information

Non Equllibrium RGT and Reduction of
dimensionality (Dinfinite).

g-Gaussian Central Limit Theorem.




From Thermodynamics to Classical and
d: smooth trajectory Quantum Dynamics

S : stochastic trajectory

« State Space Manifold M

 Classical Mechanics M = R"

* Quantum Theory M = Hilbert space

* Nonequillibrium Dynamics M = extended
fractal space

No entropy production

J0: probablility density in phase space Deterministic
,[3: density operator in quantum states time reversible

C2: number of microstates Dynamics
S :entropy of the system

|:C: Liouville operator in classical mechanics Entropy production

A|:q: Liouville operator in quantum mechanics

L(,::P : classical Fokker-Planck operator Probabilistic

|:?:P : quantum Fokker-Planck operator time irreversible
Dynamics




From Probabilism and Stochasticity to
oy % » Determinism

Path Integral Formulation

lim, ., [ -..[ dxgdx;...dx,

‘1/”\[[ N
= IlmN%“_[dxi = ij
i=0

v

Fokker-Planck Process
t t t t t X
o " f(xt) = [Dx exp[_[Ls(x,d—)dr] f (X1,
L. Stochastic Lagrangian for Fokker-Planch equation t dt

Quantum Mechanics (Feynman Formulation)
. , 2 " | it
(X,t;%,,t, )= prob.amplitude, [(x,t;%,,t,)|" = probability , (X,t,Xo,to>=I Dx exp[£_[ L(x,x)d7]
t
Probability = max — Classical deterministic trajectory in phase space

Extremiztion of probablility Reversible deterministic Dynamics
L° stochastic Lagrangian L deterministic Lagrangian



Correlations and Entropy Production

Stable Hamiltonial Dynamics S ——«[fInfdod
df  of o of df dS s _g Noentropy Kj n Tdpdq
dt E_{ T = dt dt =~ production f(p,q) : pdf in phasespace

Bogoliubov—Born—Green—-Kirkwood-Yvon Hierarchy (BBGKY)

of (1) _ {H f(l)} + C. = df() C £0, —8& dS >0 C, : two point correlations
L &
drift diffusion C, : n-point correlations
S, =—«| f(n)In f(n)x
af()_{H f},+ C, = a0) _¢ .o Besy j
" e diffusion dt dp(n)dq(n)

Fractional Extension of BBGKY Hierarchy

. n-point correlations
non Gaussian statistics




Entropy Principles the basic tool for
Unification

Entropy Principle Thermodynamics :
Z,F many point correlations

Quantum Field Theory n-point Green Function
correlations

Thermodynamical QFT n-point Green Functions
Correlations Cn in in d-dimensional space

(d+1) dimensional space

QFT Statistical Mechanics (d+1) space ~ Euclidean QFT in (d) space

G (Xpyeen ;) = (O] T [@(%,),- (X )1|0) + GN (.00, X)) :(?)n 5J(in;N(5JJ)(X)

W =N _[ Do exp[-izn™*S. (p)] = Z(J) : Generating Functional

Thermodynamics
Z(3)=) e """ (partition function) QFT-Thermodynamics

C (%) =2~ 20)

1 :
== (correlations)
Z 6J(X)..0J(x,)




QFT as self-organization process of
Subgquantum Thermodynamics

Hooft, Beck, Parisi , Stochastic — Chaotic Quantization
random field , (Random Field
Langevin equation)

ucnorrelated noise

Random Field Fokker-Planck Equation

Equillibrium Solution : (stationary state)

Random Field FPE =) Quantum Field Schroendinger Equation
( Thermodynamics ) (Quantum Field Theory)




QFT as self-organization process of
Subgquantum Thermodynamics

Quantum Hamiltonian Operator

where

QFT Schroendinger Equation

Time Evolution Operator

Schroendinger Field Equation :




J Binnegtal, TheTheorgf CriticaPhenomea Introductida theRenormalizati@rouf
OxfordUnivPres4,992
Why Study Phase Transitions ?

First phasechangesreimmenselynfluentialin everycornerof the Universandeedit
IS widelyarguedhat the very existencef the observabl&Jniversas attributablgo a
phasechangean the stateof somepreexistingvacuum,and that the dispositionof
matterin andaroundgalaxieshouldbe understoodn termsof fluctuationsassociatec
with somesuchtransitionsedor exampld&olb andTurner1989.

Not only is the creationof longrangestructureby shortrangeintermolecularforces
Intriguing,but anyexampleof scaldreedomis worthyof closeexaminatiorsincethis
phenomenoroccursin severabhysicalsystemghat are inadequatelynderstooehe
clusteringpf galaxiegeg, Peebled980, the distributionof earthquakeeg, Carlson
and Langer1989 Bak etal 198§, turbulencen fluids and plasmageg, Mandlebrot
1974, polymers(de Gennesl1973, snowflakes(Balletal 1989 Meakinand Tolman
1989-to namebut afew In eachcasehereis a widerangeof scale®verwhichsome
phenomenorvariesasa power law of the scalepresumablypecaus¢hereis a gross
mismatclbetweerthe largesandsmallesscales the problem



J Binnegtal, TheTheorgf CriticaPhenomeia Introductida theRenormalizati@roup
OxfordUnivPres4,992

An elementaryarticleis representetby a structureof a certainphysicakizeon the
lattice As the latticeis refinedthis structureshouldretainits physicakizeby covering
more and more lattice sites Hence,as the discretemodelapproacheghe continuum
limit of realquantumfields,the particlemust be representetby correlationon the
lattice of longer and longer range,and the field theory that givesrise to these

correlationgnust be approachingvhatin statisticamechanicsve would call a critical
point



Elementary particles as Thermodynamic self-
organization process

Random Field n-point Corelations
in D-dimensions — n-point Green’s Functions
n-point interactions

field energy density, source field

Random Field Partition
Funnction




Elementary particles as Thermodynamic self-
organization process  Random Field mmmy,

Random Field

Self-organization Interactive
Phase Transitions — Particle System

Long-range
Correlations

Stochastic Process as macroscopic quantity

Diffusion Process
, velocity random variable

Statistical-Thermodynamical Uncertainty Principle

StochasticProcesses Quantum Processes




C. Beck, Chastitngs and standard paoaeletdpdysida: Nonlinear Phenomena, 11/06,72002.

A fundamentaproblemof particlephysicsis the fact that thereare about25 free
fundamentalconstantswhich are not understoodon a theoreticalbasis These
constantsare essentiallyhe valuesof the three couplingconstantsthe quarkand
lepton massesghe W and Higgsbosonmass,and variousmassmixing anglesAn
explanatiorof the observechumericalvaluess ultimatelyexpectedo comefrom a
largertheorythatembedshe standaramodel Primecandidatefr thisaresuperstring
andM theoryHoweversofar the predictivepowerof theseandothertheoriess not
largeenouglto allowfor preciseaumericapredictions

We will reporton a numericabbservatiorthat mayshedmorelight on this problem
Wehavefoundthatthereisasimpleclasof 1+1 -dimensionastronglyselfinteracting
discretdield theorieg(calledd ¢ h ad tr iinathgfelldowing)that havea remarkable
property The expectatiorof the vacuumenergyof thesestringsis minimizedfor
stringcouplingghat numericallgoincidewith runningstandardnodelcouplingsa(E),
the energyE beinggivenby the masse®f the known quarks,leptons,and gauge
bosons



C. Beck, Chastitngs and standard paoaeletdpdysida: Nonlinear Phenomena, 11/06,72002.

Chaotic strings can thus be usedto provide theoreticalargumentswhy certain
standardnodelparameterarerealizedn nature othersarenot. We mayassumeéhat
the a priorifree parameter&volveto the local minimaof the effectivepotentials
generatedy the chaoticstrings Out of the manypossiblevacuachaoticstringsmay
selecthephysicallyelevantvvacuunof superstringheories

The dynamicf the chaoticstringsis discretan both spaceand time and exhibits
strongestpossiblechaoticbehaviourlt canbe regardedasa dynamicsof vacuum
fluctuationsthat can be usedto 2nd-quantizeother fields for exampleordinary
standardnodelfields,or ordinarystringspy dynamicallgeneratinghe noiseof the
ParisiWu approachof stochastiguantizatioron a very smallscaleMathematically,
chaoticstringsarecoupledmaplatticesof diffusivelycoupledTchebyscheffinapsTN
of orderN. It turnsout that therearesix differentrelevantchaoticstringtheories-
similar to the six componentsthat make up M-theory in the moduli spaceof
superstringheory
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We arguethat the guantizemon-Abeliangaugeheorycanbe obtainedasthe infrared
limit of the correspondinglassicghugeheoryin a higherdimensionWe showhow
the transformationfrom classicato quantumfield theory emergesand calculate
Planck'sonstanfrom quantitieslefinedn theunderlyinglassicajauge¢heory

Althoughmuchprogresfiasbeenmadein recentyearsthe questionhow gravitation
and quantummechanicshouldbe combinedinto one consistenunified theory of
fundamentalinteractions,is still open Superstringheory, which describesfour-
dimensionaspacdime asthe low-energyimit of aten or eleverdimensionatheory
(0 M h e omaypioyidethe correctanswerput the precisdorm and contentof
the theoryis not yet entirelyclear It is thereforelegitimateto raisethe question
whetherthe fundamentatiescriptionof natureat the Planckscales reallyquantum
mechanicagr whetherthe underlyingheorycouldbe a classicaéxtensiorof general
relativity This questionsvasinitiallyraisedoy 't Hooft, who hasarguedhat guantum

mechanic€an logicallyariseas low-energylimit of a microscopicallgeterministic
dissipativéheory
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We here show that in some casesspecificallyfor non-Abelian gaugefields, the
functional integralof the threedimensionaEuclideanquantunfield theory arises
naturallyasthe longdistancdimit of the correspondinglassicghugeheorydefined
In (3+1)-dimensionalMinkowski space Becauseof the generalnature of the
mechanisnunderlyinghis transformationfor which we havecoinedthe term chaotic
guantizatipm is expectedo work equallywellin otherdimensiong~or examplethe
four-dimensionaEuclideanquantumgaugeheoryarisesasthe infraredlimit of the
(4+1)-dimensionatlassicajaugeheoryWeemphasizthatthe dimensionaleduction
IS not causedby compactificatiorthe classicdield theorydoesnot exhibitperiodicity
eithenn realor imaginaryime



Stochastic Process as macroscopic quanticity
Quanticity and Stochasticity

StochasticProcesses Quantum Processes

Fokker-Planck Equation
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( Feynman-Kac Formuma)

( Schroendinger Equation )

Quantum Theory ~ Subquantum Stochastic Processes

Significant Analogy
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all microstates quantum eigenstates
participate




Cosmic Thermodynamics - Cosmic Novelty
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The Cosmif Fractal
Entropic non-Equillibrium Cosmos

Symmetry Breaking-Cosmic self-organization
Cosmic Renormalization

Cosmic Fractal self-similarity Cosmic Self-Organization

Long Range Space-Time Multi-level Renormalization
Correlations Fixed Points

Cosmic Evolution Bifurcation Points

Reduction of Dimensionality Multiscale Cohenrence — Cooperations
Symmetry Breaking Entropy Principle Cronos Principle
Multiplicative Structuring Contraction of Fractal Space-Time
Non-Linear Evolution Scale Relativity

Entropy and Information Scale Unification

Production Fractal Laws

Goedel non-Computable Dissipative Structures
non-Algoritmic Dynamics Symmetries
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