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MERC PhD Project Proposal 2025/2026 
 

Title of the research project: 

Symmetry-Based Theory of Synchronization in Oscillator Networks with Arbitrary-Order 
Interactions 

Keywords (up to five) 

Complex networks, Coupled Oscillators, Synchronization, Symmetries and Group theory, 
Hypergraphs and Simplicial Complexes 

 Supervisors (at least two from two different areas): 

Supervisor 1 (name, contact details, homepage, area of expertise) 
Prof. Dr. Stefano Boccaletti, CNR, Institute for Complex Systems, Florence, Italy  
Mail: stefano.boccaletti@gmail.com Area of expertise: Statistical and nonlinear physics 
 
Supervisor 2 (name, contact details, homepage, area of expertise) 
Prof. Pietro de Lellis, University Federico II, Naples 
Mail: pietro.delellis@unina.it  Area of expertise: Systems engineering and control 

Project description (max 5000 characters) 

Synchronization is one of the most fundamental manifestations of collective behavior in complex 
systems. It arises when many interacting dynamical units spontaneously coordinate their dynamics, 
producing coherent macroscopic states. Such phenomena appear in a wide variety of contexts, 
ranging from neuronal activity and cardiac dynamics to power grids, ecological systems, and social 
dynamics. Traditionally, most theoretical frameworks describing synchronization have focused on 
pairwise interactions between units. However, many real-world systems involve interactions that 
naturally occur among groups of three, four, or more elements simultaneously. These higher-order 
interactions cannot be fully captured within standard network models. 
The aim of this PhD project is to develop a general theoretical framework to describe the 
emergence of synchronization in networks of oscillators with interactions of arbitrary order, beyond 
the generally used mean field approach.  
The central idea is to exploit symmetry principles and group theory to identify the invariant 
structures that govern the collective dynamics of such systems. By characterizing the symmetries 
of the interaction architecture and of the dynamical equations, the project will seek to derive 
general conditions for the existence, stability, and bifurcations of synchronized states. 
A key objective is to build a unified theory capable of extending classical synchronization results 
beyond pairwise coupling, allowing the treatment of interactions of any order within a common 
mathematical framework.  
The results are expected to provide new insight into the mechanisms through which collective 
synchronization emerges in complex systems with multi-body interactions. Potential applications 
include neuronal and brain networks, ecological and biochemical systems with multi-species 
interactions; and technological infrastructures such as power-grid networks and distributed sensor 
systems.  
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Relevance to the MERC PhD Program (max 2000 characters) 

The project is clearly multidisciplinary, as it combines tools from nonlinear dynamics, group theory, 
statistical physics, differential equations, applied mathematics and network science, and will 
involve both analytical developments and numerical investigations. 
The novel methods and tools that will be introduced will therefore be of great value and large use 
in a variety of fields and circumstances, far beyond the practical case to which they will be applied 
in the present project. 
The project has clear implications in the areas of “network theory” and “mathematical modelling 
and simulation of complex systems”, thereby squarely fitting within the MERC program. 
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Joint supervision arrangements 

The supervisor is working at the CNR, Institute of Complex Systems, in Florence.  
He is a member of the Board of MERC, a member of the Academia Europaea, and a Fellow of the 
American Physical Society.  
The second supervisor of the project is Prof. Pietro de Lellis, from the University Federico II, in 
Naples. 
During the period of stay in Italy, weekly meetings will be organized with the supervisor, and at 
least two visits of the supervisor to Naples will be made to ensure the best as possible supervision 
of the candidate. The candidate will benefit moreover of daily interactions with the co-supervisor 
during the entire duration of the project. 

Location and length of the study period abroad (min 12 months) 

 
The project foresees a total of 12 months of study period abroad, which will be split into two 
separate 6 months periods. The first period (to be realized between the end of 2026 and the 
beginning of 2027) will be passed at the Trakia University, in Stara Zagora, Bulgaria, under the 
supervision of Prof. Charo del Genio. 
The second period (to be realized during 2028) will be passed, instead, with the group of network 
scientists at the International Complexity Center of the Beihang University in Hangzhou (China), 
who is led by the Supervisor. 
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