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A Research Line with Modular Structure
A modular team sharing a common theoretical toolbox across domains.
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International Research Network
Positioning CREF as an international hub for multiscale complex systems.

40+ joint papers and long-term collaborations
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From multiscale physics to LRG

Why multiscale

What LRG changes

Where this leads



Renormalization group & universality classes
The Ising model

Ù Kadanoff (1966) & Wilson (1971). RG: Coarse-graining + rescaling + redefinition of coupling constants

� “A substantial number of unsolved problems in physics trace their difficulty to a multiplicity of scales.”
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Criticality is ubiquitous in Nature...

Bird flocking in Rome Firing of cortical neurons Percolation in bacterial communities

Criticality hypothesis
“Operating near criticality may provide

functional advantages in biological systems.”

Selected evidence of criticality in living systems:
Ù Starling flocks – Cavagna, PNAS (2010)
Ù Bacterial communities – Larkin, Cell (2018)
Ù Cortex dynamics – di Santo, PNAS (2018)
Ù Review – Muñoz, RMP (2018)

Statistical Physics and Complex Systems 6/16



...but heterogeneity emerges everywhere in living matter

Living organisms are historical structures: They represent a
patchwork of odd sets pieced together when and where

opportunities arose

We know the actual brain network

Hagmann et al. (2008) PLoS Biol., 6(7), e159.
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The missing RG for heterogeneous systems

Ù Complex systems are intrinsically multiscale
Ù Heterogeneity fundamentally shapes dynamics
Ù Statistical physics provides predictive principles
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Laplacian Renormalization Group for heterogeneous networks

Cover + News & Views

The LRG framework positions CREF as
a global reference in multiscale network theory.
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Vision and Objectives
LRG provides a unifying language across disciplines.

Scientific goals
Ù Develop a geometric theory of disordered

systems
Ù Understand memory and non-ergodicity
Ù Deliver multiscale tools for brain, climate,

ecology and AI

Strategic impact for CREF

Ù Position CREF at the frontier of
statistical physics

Ù Strengthen links across physics,
neuroscience, climate and AI

Ù Delivering high-visibility publications
Ù Positioning CREF for ERC-level funding



Actual results
LRG Core

Ù Characterization of LRG fixed points
Ù Short-range spin-glasses framework

(under review in Nat. Comm.)

Ù Characterization of basin stability
Ù Metrical network embeddings

Ù Review on LRG on Nature Review Physics
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Actual results
Ecology & Social & Climate applications

Ù Analyzing ecological systems

BCI, Panama

Ù Climate change multi-scale predictions

Ù Epidemic and social contagion
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On-going research
Neural & Ecological data-driven applications

Ù LRG-RMT noise filtering to make fMRi analysis sta-
tistically well-posed under realistic scan durations
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Ù Collaborations with CREF & Sapienza on biomark-
ers and multiscale LRG

Ù Neutral–niche debate: scale limits from Barro Col-
orado data
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On-going research

Ù Theory of Griffiths phases in complex systems
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Ù Developing a new class of heterogeneous topological
autoencoders
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Future perspectives

Building a unifying geometric theory of
complexity at CREF

Ù Theory: geometry-driven criticality
Ù Data: multiscale biomarkers in brain & ecology
Ù AI: memory and learning in disordered networks
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Track records and funded projects

Ù The research line has produced more than 30 papers in the last 3 years, including
Nat. Phys., Nat.Comm., PRL, Nat.Rev.Phys
and receiving attention in covered media.

Funded Projects
Ù 2022-2026 PRIN PNRR. With IAC-CNR & Politecnico di Milano. 32 k€. PI: Fabio

Saracco
Ù 2024-2025 PNRR. MNESYS SINVASC. 249k€. PI: Federico Giove. Participant: Pablo

Villegas

Future Project Request
Ù ERC Starting Grant 2026. PI: Pablo Villegas. Disentangling topology from dynamics in

non-ergodic systems.
Ù PRIN Projects 2026.
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