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This PhD project builds on two initiatives developed within the 4EU+ consortium’s research activities (2025–2026) 
under Flagship 3: 
 
(1) INGREDIENT (SEED4EU+, 2025), led by C. Bonhomme, S. Pozza and Z. Tošner (Charles University), and J. Stanek 
(University of Warsaw). The project featured three mini-schools on NMR, AI, and numerical mathematics (details: 
https://sites.google.com/view/eu4ingredient/home), where we also met several promising master’s students 
who would be excellent candidates for this PhD. 
(2)  S. Pozza’s visit to C. Bonhomme’s laboratory (Sorbonne University, Feb–Mar 2026), funded by a 4EU+ Visiting 
Professorship, which strengthened the existing collaboration. 
 
The PhD will further consolidate the collaboration between Sorbonne University and Charles University, initiated 
through the ANR-funded MAGICA project (https://anr.fr/Project-ANR-20-CE29-0007). 
The successful candidate will spend two years at Sorbonne University (LCMCP) and two years at Charles 
University (Department of Numerical Mathematics), aligned with Charles University’s four-year PhD structure. 
The program will offer an interdisciplinary research environment combining numerical mathematics and 
solid-state nuclear magnetic resonance, bridging mathematical modelling with advanced chemical and physical 
characterization 

 

1. Context and Scientific Positioning 
 

Background. Classical equations used in Nuclear Magnetic Resonance (NMR) and Magnetic Resonance 
Imaging (MRI), such as the Bloch, Bloch–McConnell, and Bloch-Torrey models, are formulated with 
integer order differential equations and therefore assume locality: the system evolves based solely on its 
current state. However, materials with strong structural heterogeneity exhibit memory effects, where the 
future state depends on the full history of the system. Capturing this behavior requires Fractional 
Differential Equations (FDEs) with non-integer orders (α, β…). Although FDEs provide a more accurate 
physical description of complex materials, their use in NMR-MRI remains limited due to three main 
obstacles: 

 Analytical complexity: FDEs rarely admit closed-form solutions. Existing studies rely mainly on 
numerical approaches (“discretize first”), which reduce the fractional orders (α, β…) to empirical 
fitting parameters with minimal (or even no) physical interpretation. 

 High computational cost: Numerical solvers for FDEs are expensive, and efficient algorithms are 
still lacking. 

 Experimental validation: Verifying fractional models experimentally by NMR-MRI is challenging, 
especially for heterogeneous porous materials. 

 

Objectives. The doctoral project aims to establish a new framework addressing these challenges 
through three integrated pillars: 
 

 Mathematical: Develop a “solve first” strategy to obtain explicit analytical solutions for 
Bloch-type fractional differential equations. 

 Computational: Design new, fast numerical solvers for fractional models. 
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 Experimental: Investigate complex materials through anomalous relaxation and diffusion using 
NMR-MRI techniques combined with machine learning–based modelling. 

 

2. Methodology 
 
The project adopts an interdisciplinary strategy structured into two Work Packages (WP): 
 
WP1: Analytical and Numerical Solutions of Fractional Bloch-type NMR/MRI Equations 

 Leader: S. Pozza (numerical mathematics), in close collaboration with P.-L. Giscard (pure 
mathematics, ULCO Calais) and F. Durastante (numerical mathematics, University of Pisa). 

 Goal: Extend the *-product methodology to obtain faster numerical algorithms and new 
analytical expressions for fractional Bloch and Bloch–McConnell equations, enabling a direct link 
between fractional orders (α, β…) and physical parameters. 

 Innovation: Within the *-algebra framework, solutions are described through *-resolvents and 
Path-Sums (finite continued fractions) or alternatively computed with new algorithms based on 
this new algebraic structure. 

 Breakthrough: The recently developed Omega calculus makes it possible to convert the 
Path-Sum formulas into expressions involving standard operations (Giscard, unpublished 
results). 

 Feasibility: Preliminary results on the fractional Schrödinger equation already outperform 
state-of-the-art methods (e.g., Fractional-BDF2) in accuracy, runtime, and memory use. See 
arXiv:2507.16652 [math.NA] where certain analytical solutions have also been presented. 

 
→ Deliverable: An integrated open-source platform for simulating and fitting fractional Bloch 
models using state-of-the-art algorithms. A new toolbox of methods for deriving analytic solutions 
when attainable. 

 
WP2: Experimental Validation & Machine Learning 

 Leader: C. Bonhomme. 
 Materials: Synthetic inorganic materials with strong structural heterogeneity (hydrogels, zeolites, 

mesoporous silica). 
 Methods: Anomalous relaxation and diffusion will be probed using PFG MAS NMR and MRI, 

complemented by multi-modal imaging (TEM, -CT) to obtain realistic structural models. 
 Data Processing: Analytical solutions will give physical meaning to fractional orders (see WP1). 

Machine learning will be used on extensive datasets generated by the fast *-product solvers (see 
WP1) to predict structural parameters directly from experimental measurements. 

 
→ Deliverable: A validated link between anomalous relaxation/diffusion and material structure 
through AI. Design of new pulse sequences optimized for sensitivity to fractional orders (α, β…). 
Demonstration of fractional orders as new MRI contrast parameters. 

 

3. Impact 
 

This doctoral project will be transformative in providing the first physically grounded interpretation of 
fractional orders in NMR-MRI, moving them beyond simple empirical fitting parameters. By integrating 
advanced mathematics-fast computational tools, and materials science, it will reveal the underlying 
physics encoded in fractional models. The PhD will also have a strong educational impact by offering a 
reproducible, interdisciplinary training pathway that bridges the two fields: one of the central aims of 
our long-standing collaboration. 


