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3.)Summary/abstract:
Stochastic tools have successfully been used both for theoretical modeling of complex systems  and to the analysis of experimental data. They proved to be a versatile interdisciplinary approach to tackle the nonlinear dynamics as encountered in statistical mechanics, solid-state physics, chemical physics, biophysics and climatic dynamics.

Stochastic elements in the investigated models and data represent uncontrolled environmental impacts, thermal fluctuations or hidden internal dynamics. Compared to linear systems or systems close to equilibrium, noise and fluctuations in nonlinear dynamics may have more crucial influence on their behaviour as a result of the rare but large events leading for example to the escape from locally stable states, or because of a channeling action of intrinsic non-linearities. Both effects give rise to signal and order amplification by noise or to the emergence of directed motion due to the presence of non-equilibrium fluctuations as discussed in many models and applications.

The goal of the proposed programme is to address the foundations for the different levels of stochastic descriptions in nonlinear systems, to provide the further development of analytical and numerical tools, and the investigation of specific problems, as they arise in different areas of research, described by stochastic nonlinear theories.

The programme shall intensify the exchange between the specialists in physics, chemistry and biology with the aim of focusing the ongoing European investigations of stochastic methods used in fundamental and applied dynamical problems. Existing collaborations shall be strengthened, and new contacts shall be established, with a special emphasis on the dialogue between theoreticians and applied scientists on stochastic nonlinear dynamics. Furthermore, the program will provide a forum for young European scientists where they can learn about this new expanding field of interdisciplinary research.
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4) Status of the research context, of the goals and of the envisaged achievements of the programme:
Complex properties of spatially or hierarchically extended non-equilibrium systems in which nonlinear interactions either within or among individual elements play a crucial role are still an extremely rewarding challenge for theoreticians and experimentalists in many fields of science. Despite the great diversity of different topics two common aspects of these systems will be of central interest to the proposed interdisciplinary collaboration. First, many of them are necessarily subject to noise, imposed either by a rapid dynamics of internal degrees of freedom, or by extrinsic environmental fluctuations. Second, they share a similarity in their mathematical description, for example, a lot of them can be represented as coupled arrays of stochastic nonlinear elements. Another example is Brownian motion in complex potential landscapes  and with energy pumps which is a prototype model for the description of nontrivial behaviour emerging in chemical reactions involving macromolecules, for the motion of interfaces, polymer translocation through membranes or the operation of molecular motors and pumps.

The traditional view of noise was formed during investigations of linear dynamics and systems in the vicinity of equilibrium. Therein, noise reduces the ability for an ordered behaviour and destroys temporal and spatial patterns and in most cases, it is the purpose to minimize its effects as much as possible.

In contrast to this textbook knowledge, recently it was rendered clear that noise in/of nonlinear non-equilibrium systems can in fact act in the opposite way: It can be used in a controlled way to constructively enhance nonlinear features realizing ordered behaviour or supporting signal transmission. Investigations on the dynamics of ion-channels, the synchronization and the coherent response in chemical and biological systems, on epidemics propagation or on the behavior of social insects (all involving nonlinear evolution in presence of strong noise) are examples that commonly demonstrate a subtle beneficial synergy between noise and non-linearities creating ordered patterns in the presence of strong noise.

The proposed research collaboration aims to clarify this role of noise and fluctuations in nonlinear systems far from equilibrium. On the one hand side, it addresses fundamental questions of statistical physics as the breakdown of detailed balance and the channeling of noise in nonlinear dynamics (see task A). A second aim is to improve the techniques and the model building ability by an organized exchange of knowledge between specialists working on fluctuations at various levels ranging from molecular objects to continuous systems (see task B). Last not least, the programme focuses on research aimed at developing applied tools and providing guidelines for applications. More methodological questions such as the determination of escape rates and their higher moments, the comparison of stochastic models with results from molecular dynamics and time series analysis will also be included (see task C).

Task A: 

Central theoretical aspects are:

i) Breaking detailed balance: The breakdown of detailed balance is an obvious sign of non-equilibrium situations. It is responsible for a wealth of important dynamical phenomena like noise rectification, directed motion and stochastic resonance. Noise induced oscillations in neuronal models or in excitable chemical dynamics as well as the higher dimensional motion of Brownian particles in ratchet like potentials result from a coherent structure of the stationary probability flows.

The theoretical understanding of situations with violated detailed balance is of prominent importance for the understanding of processes in non-equilibrium. So far most solutions of Fokker-Planck- and Master-equations are based on vanishing or constant probability fluxes or on fluxes which stationary densities obeying a potential condition. Only a few studies rely on a more complex structure of the probability flux with, for example, single or multiple rotating vortices. Also the application of approximative treatments, like e.g. the elimination of fast variables or mean field descriptions in coupled systems, is less well understood in such situations.

Because of its prominent importance, this issue will be of central interest to the network. Detailed studies of mechanical nonlinear oscillators with inertia, of coupled over damped oscillators or of Lotka-Volterra systems, to name a few examples of model systems, will foster a deeper understanding of noise induced dynamical states relying on a non-trivial probability flow.

ii) Noise-induced order: Noise-induced phase transitions, noise induced propagation of waves and noise induced transmission of signals, stochastic or coherence resonance and synchronization or control of complex dynamical systems by noise, are intriguing phenomena unveiling the generic ability of nonlinear systems to amplify an ordered response by channeling noise to special degrees of freedom. This research has found many different applications in various fields, ranging from pure to natural sciences. However, their understanding in particular with respect to their potential applications has still a long way to go.

For example, the noise sustained amplification of signals in bistable and in threshold systems, the so-called stochastic resonance, has extensively been studied during the last decade. By now a widespread and well based understanding has been achieved in the physics, chemistry and biology of periodically or randomly driven stochastic nonlinear systems with a few variables. However, only a few investigations of stochastic resonance in extended or coupled systems have been yet conducted. Their study is especially relevant for a better understanding of the interplay of signals and noise in biological sensors or neuronal models where stochastic resonance is expected to be of great importance.

Coherence resonance, a similar phenomenon, promoting coherent oscillations out of noise in excitable non-forced systems, is another scenario to be investigated in relation to its relevance in neurophysiological systems (spiking or bursting behavior of neuronal units). Again passing from the investigation of single units to that of complex coupled architectures should be a remarkable achievement.

Noise may induce transitions from one temporal or static behavior to another, or it may modify the way in which such transitions take place.  Noise may also create ordered spatial patterns. Recently purely noise-induced phase transitions were theoretically discussed in extended systems which do not generate structure forming processes in the absence of noise. Moreover, their individual units do not exhibit unusual behavior in the presence of noise. Quite surprisingly, locally uncorrelated fluctuations of control parameters can induce a phase transition of the macroscopic system to an ordered state.

Theoretical investigations about all these kinds of noise induced order have reached a high scientific and methodical level in the past. What is missing in this field of research is a strong exchange of ideas between the theoretically working groups and, especially, the validation of theoretical results by experiments. One central purpose of the proposed programme will be the amplification of research aiming at a strong interaction of theoreticians and experimentalists.

Task B: 

Many dynamical properties and phenomena in complex systems rely on a specific and sometimes dominating role of fluctuations. The programme aims to amplify the interaction between specialists working on related topics at different levels. That are:

i) Molecular objects: Nanotechnology has provided means to manipulate molecular scale objects and new techniques have emerged that allow the study and control of small scale biological processes. On these microscopic scales thermal fluctuations play an important and often constructive role, thus opening new largely unexplored and experimentally accessible fields for the application of stochastic methods.

Ratchet-like devices have demonstrated their ability to separate colloids or DNA by using micro-fabricated structures. Fluctuations dominate conformational dynamics of proteins and might be the source of energy for Brownian motors and enzyme reactions.

SQUIDs and quantum dots allow to experimentally observe the intricate interplay between quantum properties and thermal fluctuations.  These issues will be investigated by pooling the theoretic and experimental expertise of the network, including in particular biological Brownian motors, self-propelling objects, noise-induced auto-organization of Brownian particles, quantum dots, "Maxwell's demon" constructions and micro-pumps.

ii) Internal fluctuations in reaction processes: The well-accepted description of reactive systems formulated in terms of standard rate constants and mean-field laws, the basic ingredients of classical kinetics, is being questioned especially in restricted geometries or low dimensional systems. The focus of research has started to change recently from the usual macroscopic and homogenized processes in laboratory-scale samples to those taking place in microscopic or confined reactors typical of cellular environments or supra-molecular architectures. Just to mention an example in this context, internal fluctuations arising from the tiny number of molecules involved are essential to the understanding of the dynamics of calcium release by ion channels. Reformulation of the classical kinetic mechanisms for enzymatic reactions will be an important development in the biochemical description of single reactions or complex metabolic networks.

Also experiments on heterogeneous catalysis have manifested very recently the role of particle fluctuations. In this quite different scenario, sophisticated experimental techniques have allowed real-time and in situ observations of catalytic processes with nano-scale resolution. Clustering of adsorbates through direct or surface-mediated interactions with variable interaction range constitutes only one ingredient of the complex dynamics of such processes additionally including reversible or irreversible steps of adsorption-desorption together with the diffusion-reaction mechanisms themselves.

iii) External noise on pattern forming systems: A striking exception emphasizing the importance of external noise in extended systems is provided by recent experiments in a chemical context (the photosensitive Belousov-Zhabotinski reaction) and in lasers. It was successfully demonstrated that externally imposed fluctuations originate an organizing, supporting, dispersing or even creating of autowaves. Similar situations have also been observed in hippocampal slices of rat brains and astrocyte syncytium.

Certainly the goal would be to go from the two dimensional and quite ideal experimental and numerical scenarios investigated so far to real three dimensional situations. In this way one could deal with extended media allowing propagation of excitations organizing as scroll waves or in the form of more complex entangled structures.

Media such as brain or cardiac tissues will be thus natural targets to be investigated from this perspective. Control or reduction of spatio-temporal chaos (fibrillation) by noise or in general noise-induced synchronized patterns of activity to be employed in nontrivial tasks as coherent signal processing, learning or adaptation, are of central interest in the programme.

Task C: 

The investigation of both general topics and particular problems will face common difficulties related to the modeling, the mathematical treatment and, in particular, the  numerical simulation. Special attention will be devoted to:

i) Escape processes and rates: In many examples the description relies on the understanding of noise-controlled escape of particles from a metastable state. Whereas by now these processes under equilibrium are fairly well understood, non-equilibrium cases with non-Gaussian or strongly correlated noise, and with noise in combination with temporal signals and in higher dimensional phase spaces are still a challenge while of high practical importance. A prominent example of this research is the surmounting of barriers by particles into pockets or active centers of vibrating or excited biomolecules. The term resonant activation was recently introduced for activation phenomena in temporally changing potential landscapes. This could be one of the scenario's by which biomolecules catalyze chemical reactions.

Also investigations of the certainty of escapes, expressed by higher moments of the rates or related measures (diffusion coefficient, Peclet numbers, Fano coefficients), are of great interest. Another field of important activity deals with activation processes of molecules (chains or polymers), like e.g. the translocation of molecules through pores in membranes or the motion of interfaces in external potential fields. Successful stochastic approaches describe the structure of the molecules by a few variables and, hence, are able to map the activation to stochastic motions in low dimensional phase spaces.

ii) Levels of stochastic description: The relation between microscopic, stochastic and macroscopic levels of description for non-equilibrium systems has to be understood in depth. Questions of fundamental importance include the transition from a dynamical to a stochastic description and from a Hamiltonian to a thermodynamic formalism. New connections, such as the relation between microscopic chaos and dissipative processes have to be further explored. The relation and consistency of various stochastic descriptions with each other has to be clarified (Master equation versus stochastic differential equation).

Further work is also needed on the formulation of the thermodynamics of stochastic processes including for example the entropy production of fluctuations. Progress on all these issues can be achieved by the study of simple model systems, such as the adiabatic piston, ideal chemical reactions, the Feynman ratchet, the multi-Baker map, the asymmetric exclusion process and Alkamade's diode.

Molecular dynamics and direct simulation Monte-Carlo allow for the comparison between the different levels of description leading to a verification and refinement of the theoretic apparatus. More realistic models may allow for a closer comparison with experiments, i.e., heterogeneous catalysis and pattern forming instabilities. In particular, the distinctive effects of external noise, parametric perturbation and thermal noise in such systems can be investigated experimentally.

iii) Analysis of stochastic signals: In strongly fluctuating systems the distinction between deterministic behaviour and fluctuations is limited. Within the network, modern mathematical tools such as the wavelet transform, detrended fluctuation analysis, generalized entropies etc. should be elaborated to extract relevant information from almost noisy data. Descriptions by means of probability densities require more advanced techniques, like e.g. the consideration of fractional Fokker-Planck equations.

Between many possible applications in science, the network will especially support research on climate dynamics, neuro-informatics and synchronization phenomena in medicine. In these disciplines, stochastic methods are widely discussed while the  modeling of the corresponding dynamic processes has reached a high level of sophistication. The interaction of specialist groups from these fields with the  research community of nonlinear stochastic dynamics will thus be especially welcome.

Many of the techniques and concepts were originally developed by researchers from the field of statistical physics, or within a chemical or biophysical context. Nevertheless, these investigations and their thought-provoking discoveries prompted a surge in fundamental mathematical research on noisy nonlinear systems. Thus, stochastic resonance, synchronization and noise induced transitions from negative to positive Lyapunov exponents recently appeared as a new topic of investigation in the mathematical literature. Even though mathematical theories per se are not a central issue for the proposed network, a collaboration, advice and participation of mathematicians will be under the permanent scope of the networking programme.

5) Expected benefit from European collaboration in this area: 


Most of the topics were first proposed and elaborated by European groups, including significant contributions to methodological and technical aspects, as well as novel and innovating solutions in applications. However, despite all these successful contributions, the direct transfer from theory to experiment and to applications is surprisingly lagging behind. Also direct concerted cooperations between theoreticians are not well developed at the European level, in part due to the absence of a European forum that supports and coordinates this active and important field of research. We expect to initiate such a forum while also bridging gaps and giving important and novel answers of theoretical, experimental and more applied nature, as the outcome of this truly interdisciplinary endeavor.

Some former collaborations based an local and national resources should be mentioned. They can be seen as source and nuclei of future interactions. There exists a European cooperation between physicists working on stochastic resonance-phenomena: Augsburg-Villingen, Darmstadt-Warsaw(TU), Augsburg-Perugia-Camerino, Lancaster-Pisa-Manchester-Warwick, Lancaster-Ljubljana,. Strong interactions with common publications on Brownian Motors have been established between Augsburg-Katowice, Augsburg-Limburg, Berlin (HU)-Katowice, Limburg-Madrid. Theoretical aspects of noise induced phase transition were commonly studied in the groups in Barcelona, Terassa, Madrid, Berlin (HU, FHI), Brussels, Limburg, Leipzig and Budapest. The groups in Warsaw, Paris (Lemarchand) and Brussels are strongly cooperating about chemical reactions in fluids and as well as groups in Freiburg and Barcelona (Sagues) about diffusion controlled reactions. Torun and Lancaster work together about rates.

6) European context: 


There is no European project on this topic.

7) Framework Programme, COST or the NATO Science Programme:
None

8) Work plan by major headings:

The steering committee will meet annually during one of the workshops. Plans and trends of further development, cooperations and announcements for special activities and inclusion of new groups (also from new countries) will be considered.

The steering committee will devote its continuing attention to the inclusion of scientists from Eastern Europe. Also invitations to selected specialists from US, Canada and Latin America on occasion of special activities will be supported.

The steering committee will prepare one plenary conference (2004) and one workshop (2006) in combination with a school for teaching and training young scientists. The plenary meetings are devoted to all tasks of the programme with expected attendance of 100 participants.

The steering committee will also make calls for the organization of workshops and miniworkshops. Two annual workshops (in 2003, 2005 and 2007) with about 25 participants will serve the exchange of expertise on subthemes and applications.

Mini-workshops will amplify the collaboration of 3-4 groups on a specific issue. In particular the workshop facilities of CECAM at ENS Lyon will be made available to the network, and the collaboration will be sought with other workshop organizing entities (e.g. Max Planck Institute for Physics of Complex Systems at Dresden) .

The programme will support annually about 30 visits and fellowships to other laboratories on the basis of applications from the groups. Priority will be given to annually selected hot topics.

The chairperson in combination with ESF will establish a WWW-site in which all activities relevant for the programme are made available.

The financial management will be performed by the office of the ESF retaining an administrative fee of 5% of the financial budget.

