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De Donder, Théophile 

Ernest (1872-1957) 

‘Brussels School of 

Thermodynamics’ 

Chemical Affinity, 

Irreversibility ...

Gregoire’s Nicolis Academic ‘Family’ Tree

Poincaré, Henri 
(1854 – 1912)
Chaos
Relativity
3-Body-Problem
Philosophy of Science
… 
… 

Z

Ilya Prigogine

(1917-2004) 

Second Law of 
Thermodynamics,

Dissipative structures,

Order out of Chaos,

Time’s arrow



  

Gregoire Nicolis’ Encomium & Heritage:

Open Systems & 
the 2nd Law of Thermodynamics 

Dissipative Structures

Bifurcations & Chaos

Self-Organization & Pattern Formation 

Constructive Role of Fluctuations & Chaos 
(+ Stochastic Resonance)

Self-reference & Nonlinear  Feedback

Information Dynamics 
(+ Entropy & Symbolic Dynamics + Prediction )

Emergence & Irreversibility



  

Complexity Science bookshelf 

2012 / 2007

1992

1977



  

Complex = 
many parts + nonlinear relations

Chapter 1: 
“The many facets of complexity”
by Grégoire Nicolis (2019) 

Phenomenology of Complexity 

Formulation
a) Deterministic view
b) Probabilistic approach

Emergence

Complexity and Information



  

The Importance of Being Nonlinear:
Information flow

Only Nonlinear Elements can process 
information, i.e  … compute !!!  



  

The Importance of Being Nonlinear: 
Bifurcations & Multistability

Only Nonlinear Elements 
can have dynamic memory !!!
(Hysteresis)



  

“Nonlinear science introduces a new way of thinking based 
on a subtle interplay between qualitative and quantitative 
techniques, between topological, geometric and metric 
considerations, between deterministic and statistical aspects. 

It uses an extremely large variety of methods from very 
diverse disciplines, but through the process of continual 
switching between different views of the same reality these 
methods are cross-fertilized and blended into a unique 
combination that gives them a marked added value. 

Most important of all, nonlinear science helps to identify the 
appropriate level of description in which unification and 
universality can be expected.”

“Introduction to Nonlinear Science” 
by Gregoire Nicolis 
(Cambridge Univ. Press, 1995) 



  

“…topological, geometric, metric ...” 

“...appropriate level of description …”



  

The Brusselator: 
nonlinear Feedback, Bifurcations, Chaos

Rene Thomas Otto Roessler

Leonid Shilnikov

Joel Lebowitz,  Mitchell Feigenbaum



  

“...The fluctuations involved are not fluctuations in concentrations 
or other macroscopic  parameters but fluctuations in the 
mechanisms leading to modifications of the [kinetic] equations...”

G. Nicolis and I. Prigogine

 

in: “Self-Organization in Nonequilibrium Systems: 
From Dissipative Structures to Order through Fluctuations”
discussing auto-catalytic reactions and  Manfred Eigen's “hypercycles”
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PART 1: ACTIVE MATTER
self-organization, dynamics, emergence, 

new ("smart")materials



  

Statistical Mechanics and 
Thermodynamics 

Presiding to 
the Self-organization of Matter

with thanks to Pierre Gaspard
(ULB)



  

Non (-) equilibrium or Nonequilibrium?



  



  



  



  



  



  

SELF-PHORETIC (self-steering) MOTORS



  



  



  



  



  



  

“Coarse Graining”
“Symbolic Dynamics”

                                 



Poincaré (1890s) & Maxwell:
 Nonlinear dynamical 
systems can exhibit sensitive 
dependence on initial conditions

Hadamard (1898): 
motion on negative curvature

is sensitive to initial conditions

Artin, Heldund and Hopf: the motion on a surface of 
constant negative curvature is ergodic. 

Krylov:  A physical billiard  is a system with negative 
curvature, along the lines of collision

Sinai: a physical billiard can be ergodic.



  

J. Stat. Phys. 54,3/4, 1989
”Chaotic Dynamics, Markov Partitions,& Zipf's Law”

G. Nicolis,  C. Nicolis, J.S. Nicolis 

α β γ

W21 = P(α→β))
… &c.

ααβγαββααγβαββγβαββαααββαβααβββαγααββγγβαβγ … &c.c.





 



- A. Provata and Y. Almirantis, Statistical dynamics of clustering in the 
genome structure, J. Stat. Phys. 106, 23-56 (2002).

- Y. Almirantis and A. Provata, Long- and Short-Range Correlations in 
Genome Organization, Journal of Statistical Physics, Vol. 97, Nos. 12, 1999



META-SELECTION RULES, context & the 'Nicolis-Ebeling Conjecture':

Vasileios Basios, Gian-Luigi Forti qnd Gregoire Nicolis
“Symbolic Dynamics Generated By A Combination Of Graphs”
Int. J. of Bifurcation and Chaos vol. 18, no. 08, pp. 2265-2274 (2008)

AUTOMATICITY & context: 
K. Karamanos and G. Nicolis, 
"Symbolic dynamics and entropy analysis of Feigenbaum limit sets", 
Chaos, Solitons & Fractals 10(7), 1135-1150 (1999).

META-SELECTION RULES:

Syntax, Context & Semantics

“We are no where”

“We are now here”



  

A new paradigm of nucleation 
and 

self-assembly



Complex Matter Science initiative at ESA 
& 

the SOYUZ missions in ISS 

2004-
2015



  

stealing an idea from Gibbs to understand nucleation:

Josiah Willard Gibbs 
(1839 - 1903)

ΔG = r(i) ΔG(i)-TΔS(r(i))ΔS(r(i))

[ dΔΔG / dr(i) ]=0, at r = r*(i) 
 Equilibrium Assumption

n(i)

N N* S



TΔS(r(i))WO-steps, ONE ordΔer-parameter

TΔS(r(i))WO-steps,  TΔS(r(i))WO ordΔer-parameters

 … but why didn’t I think
about THAT ??!!



Non standΔardΔ nucleation mechanisms with combinedΔ 
structural andΔ dΔensity fluctuations

 Importance of kinetic 
effects arising from the co-
existence of competing 
mechanisms

 Enhancement of 
nucleation rate under 
certain conditions via 
favourable pathways in the 
two order-parameter phase 
diagram “Nonlinear Dynamics and Self-organization 

in the Presence of Metastable Phases”
G. Nicolis & C. Nicolis



  Hierarchical aggregation of Zeolites: 
2nd order parameter = Q4 number of Si bonds  



Two Step Aggregation:
 Phoretic Synergetic Carriers as 

Auto-catalytic Self-replicators



Two Step Aggregation:
  Phoretic Synergetic Carriers as

Auto-catalytic Self-replicators



  

Trophallaxis  Colony's Social 
Stomach filling up

Diversion: “many-step aggregation in social animals”



  

Hierachical Self-assembly and Phoresis in Biological Communities 
(what if … molecules were ants ???   ;-)

End of Diversion: 
“many-step aggregation in social animals”



  

Matter is Active: 
self-organized, adaptive, ‘smart’, 

information-processing, materials



    Materials Science meets     
     Biology* to capture CO2

“Microbially Enhanced Carbon Capture and Storage by Mineral-Trapping and Solubility-Trapping” 
A.C. Mitchell et al, Environ. Sci. Technol. 2010, 44, 5270–5276

(*) Ref. kindly provided by Dr. Delora Gaskins (ULB)



Oscillations as a sculptor*

Fe| 0.75 M H2SO4 + 20 mM Cl- galvanostatic oscillations 

(*) Ref. kindΔly providΔedΔ by Ms. Dimitra Spanoudaki  (ULB)
Sazou et al., PCCP, 8841(11), 2009



www.foresight.cnr.it/working-groups/wg-materials

Pier-Francesco 
Moretti (CNR) 
Support &
Experimental 
Infrastructure

Pierre Gaspard,
Vasileios Basios
(ULB)
Theory & 
Research
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PART 2: Dynamics of Information
Decision making and Collective Motion



  

Collective exploitation of their environment by 

‘simple’ organisms in Complex Systems

Pitchfork Bifurcation Spatio-temporal Pattern Formation

Jean-Louis 
Deneubourg
(ULB)



  

Coordinated Aggregation: History & Hysteresis 

“Coordinated aggregation in complex systems: 
an interdisciplinary  approach”
Eur. Phys. J. ST 225, 1143-7 (2016)
V. Basios, S.C. Nicolis, J.L. Deneubourg

Jean-Louis 
Deneubourg

Stamatios C. 
Nicolis

Yukio Pegio 
Gunji



  

Real Soldier-Crab decision making 
monitoring & data



The standard Viscek Model of Flocking Behaviour:



2) Provided the “particles” 
with an inner 
Decision making process 
based on Bayesian-
Inverse-Bayesian Inference

+/- ∆0

“Emergence of coherent motion in 
aggregates of motile coupled maps”
A. Garsia Cantu-Ros, C. Antonopoulos, 
V. Basios, Chaos, Solitons & Fractals 
44 (2011) 574.

1) Provided an inner 
steering mechanism for the 
Vicsek Model



  

Bayes Inference:
Rescaling Chance  due to 
Bayes Theorem

Rule of Three !!!

Reduction to Unity !!

Renormalization !



  

        An Example of Bayesian Inference:             
Medical Test for disease A by test B (1/3)  



  

Example: Medical Test for disease A by test B (2/3)



  

Example: Medical Test for disease A by test B (3/3)



  

Bayesian Inverse Bayesian
non-linear feedback decision process 



  

Tito-Fortunato Arrechi (2013),
Yukio-Pegio Gunji & Vasileios Basios (2014)



  

data (d
0
, d

1
...) hypotheses 

(h
0
 = 20:80, h

1
=50:50, h

3
=80:20)

BIB



  

Modified  “Vicsek Model” 
with:

 
Bayesian & Inverse Bayesian 

Inference Process 
(BIB) as

internal steering 



  

Philosophical Transactions of the Royal Society 
A Phys.& Math. 376: 20170370.
http://dx.doi.org/10.1098/rsta.2017.0370

November 2018

http://dx.doi.org/10.1098/rsta.2017.0370


  

Complexity Science in 
Sociology & Economics

Networks (social, transactions, epidemic … ), Optimization.

 

Prediction of potentially disastrous state transitions.

Critical point

t*

time, t, 
as control parameter



  

“Nonlinear science introduces a new way of thinking based 
on a subtle interplay between qualitative and quantitative 
techniques, between topological, geometric and metric 
considerations, between deterministic and statistical aspects. 

It uses an extremely large variety of methods from very 
diverse disciplines, but through the process of continual 
switching between different views of the same reality these 
methods are cross-fertilized and blended into a unique 
combination that gives them a marked added value. 

Most important of all, nonlinear science helps to identify the 
appropriate level of description in which unification and 
universality can be expected.”

“Introduction to Nonlinear Science” 
by Gregoire Nicolis 
(Cambridge Univ. Press, 1995) 



  



  
Gregoire Nicolis’ 60 years celebration, June 1999, ULB, Brussels
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