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– Topology-based theory of transformations of matter (MAESTRO)
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• Sorbonne: a singular generation of computational physicists and 
chemists working together

• Method development over the whole scale: from hydrodynamics models 
to Quantum MonteCarlo

• Strong support from our institutions; availability of computer labs

• Share our knowledge and pass it to new generations of computational 
physicists and chemists; help build new connections

Paris International School on Advanced 
Computational Materials Science

PISACMS
A. Marco SAITTA – Rodolphe VUILLEUMIER

Why



What

• Classical Molecular Dynamics
• Density Functional Theory
• Ab Initio Molecular Dynamics
• Advanced Coarse-Graining and Mesoscale Methods
• Metadynamics & Free Energy Methods
• Density Functional Perturbation Theory
• Path-Integral Methods
• Classical & Quantum Monte-Carlo
• Machine Learning methods



Who
• Michele CASULA – IMPMC (Physics)
• Marie JARDAT – PHENIX (Chemistry)
• Maximilien LEVESQUE – PASTEUR (Chemistry)
• Michele LAZZERI – IMPMC (Physics)
• Virginie MARRY – PHENIX (Chemistry)
• Fabio PIETRUCCI – IMPMC (Physics)
• Benjamin ROTENBERG – PHENIX (Chemistry)
• A. Marco SAITTA – IMPMC (Physics)
• Mathieu SALANNE – PHENIX (Chemistry)
• Ari SEITSONEN – PASTEUR (Chemistry)
• Rodolphe VUILLEUMIER – PASTEUR (Chemistry)



• Paris 2015: Aug 24 – Aug 28, UPMC Campus
• Paris 2016: Aug 29 – Sept 2, UPMC Campus
• Paris 2017: Aug 28 – Sept 1, UPMC Campus
• Bangalore 2018: joint SU-JNCASR « SJSACMS »
• Paris 2018: Aug 27 – Aug 31, SU PMC Campus
• Paris 2019: Aug 26 – Aug 30, SU PMC Campus
• Paris 2020: Aug 24 – Aug 28, SU PMC Campus
• Singapore 2020: Nov 16 – Nov 20, NUS Campus
• Paris 2021
• Singapore 2021
• Abu Dhabi 2022 ?
• Bangalore 2022 ?

When & where

http://pisacms.sciencesconf.org

http://pisacms.sciencesconf.org/
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Programme Émergence 
Appel à Projets 2019-2020  

 

 

Le programme Émergence  

 

L'ambition de Sorbonne Université est de construire une université globale caractérisée par la diversité, 

l'excellence et la complémentarité des disciplines et des pratiques (recherche fondamentale, recherche 

translationnelle, recherche action, …). Pour cela, Sorbonne Université doit relever de nouveaux défis dans 

tous les champs de la recherche, que ces défis émergent au cœur ou à l’intersection des disciplines. 

Cette ambition en recherche vise trois objectifs : consolider l'excellence au cœur des disciplines, 

accompagner les évolutions interdisciplinaires et ouvrir l'université sur la société. 

Le programme Émergence entend répondre à ces objectifs en incitant les chercheurs et enseignants-

chercheurs de l’Alliance Sorbonne Université à faire émerger par la recherche de nouveaux domaines 

d'excellence et/ou de nouvelles pratiques, aussi bien au cœur qu'à l'interface des disciplines. 

Il s'agit de favoriser l’expression de la créativité scientifique de l'ensemble de l’Alliance Sorbonne Université 

en soutenant la prise de risque, l'amorçage d'idées originales et de concepts innovants, et l'instauration de 

nouvelles collaborations. 

Cet appel à projets non thématique s'adresse à tous les chercheurs et enseignants-chercheurs des 

établissements membres de l’Alliance Sorbonne Université, porteurs de projets monodisciplinaires ou 

interdisciplinaires.  Il s’inscrit dans les orientations du projet stratégique notamment en terme de science 

ouverte ; ainsi les publications issues des travaux de recherche soutenus par l’Idex devront être 

déposées sur une archive ouverte de type HAL. 

Les porteurs peuvent être affiliés, ou non, à des programmes structurants de l’Alliance Sorbonne Université 

tels que les instituts ou les LabEx. 

 

Modalités de l’appel à Projets 2019-2020 

Cet appel est lancé en 2019 pour les années 2019 et 2020. Il n’y aura pas d’appel en 2020. 

Éligibilité 

Le soutien apporté par l’Idex SUPER permettra de financer des projets d'une durée maximale de 24 mois 
pour un montant maximum de100 000€.  

Un projet est représenté par son porteur et peut ou non impliquer plusieurs structures de recherche d’un 
ou plusieurs établissements membres de l’Alliance Sorbonne Université. (Cf. liste des membres en pj) 

Les porteurs de projet devront obligatoirement être personnel statutaire des établissements membres de 

l’Alliance Sorbonne Université. 

Modalités de financement 

Le soutien accordé aux projets retenus permettra de financer : 



Team members

• Michele CASULA – IMPMC (Physics)
• Julien BIGOT – CEA (Computer Science)
• Ludovic GOUDENEGE – CentraleSupélec (Mathematics)
• Guillaume JOSLIN – CentraleSupélec (Computer Science)
• Pierre MONMARCHE – LJLL/LCT (Mathematics/Chemistry)
• Fabio PIETRUCCI – IMPMC (Physics)
• Benjamin ROTENBERG – PHENIX (Chemistry)
• A. Marco SAITTA – IMPMC (Physics)
• Mathieu SALANNE – PHENIX (Chemistry)
• Rodolphe VUILLEUMIER – PASTEUR (Chemistry)
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Main Research Lines

• Maths/Physics (WP1)
– Dimensionality reduction/coordinate optimization

• Physics/Chemistry (WP2)
– (Energy-storage-interesting) ionic salts in solution
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A general overview of our scientific interests 
(with Fabio Pietrucci)

 What: “generalized” structural transformations in condensed matter physics 
and chemistry
 Phase transitions (under pressure)
 Nucleation from the liquid phase
 Chemical reactions in solutions
 Protein structure-function relationstoms ( = 10-30 T-rex)

 How: computer simulations of ab initio (= quantum) molecular dynamics 

 One emblematic case: CO2 at “geological” conditions

 Bottleneck: efficient sampling of 3N-dimensional configurational space

 Challenge n.1 : find “good” collective variables to describe/project the 
manifold onto a few relevant dimensions

 Challenge n.2 : replace costly ab initio simulations by machine-learning-based 
ones
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Length/time scales, methods
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Ab initio DFT calculations

• Ab initio interactions solely determined by the electronic 
structure of atoms

• Solution of the quantum mechanical EOM of the 
electrons: energy and forces

• Atomic number the only “external” input: transferability

• However, a special theoretical framework is needed



• Same approach from biology to planet interiors

• Electronic structure and properties, chemical reactions, 
change of coordination

• Accuracy at the (sub)nano scale

• Directly simulate experimental spectra (x-ray, Raman, 
infrared, NMR,…)

Ab initio DFT calculations



 cristallographic positions  0.005 Å

 bonding energies  40 meV/atom ( 1 kcal/mol)

 vibrational frequences 100 GHz ~ 3.3 cm-1

 dipolar moments  0.02 D

magnetic moments  0.1 mB

 spectra (visible, UV, X)  0.1 eV

Generality (« transferability »): all atoms from periodic table                
Desired accuracy (« predictive » theory):

Ab initio DFT calculations

Typical system size: < 103 atoms

Typical time scale: ~ 10-11 s   

Computational efficiency: parallel algorithms, modularity



The many-electron problem

Time-independent, non-relativistic, spinless, Schrödinger equation 
for N electrons interacting with fixed nuclei

sum of N one-electron operators 
(kinetic operator + Coulomb 
potential from the nuclei)

Long range e- – e- interaction 
(the big problem!)

Can we solve it numerically by brute force?



The many-electron problem by brute force?
Example:  Li3  cluster


0

.5
Ǻ

9 electrons

Solve the Schrödinger equation 
on a MxMxM grid for each 

spatial coordinate

On a Tflops computer this would need  ~ 1011 years!
(unfeasible even if computer speed increases by a factor ~4 every ~2 yrs)

For M=10  1027 x 29

independent variables

 ~ 5 x 1029 operations just to 

evaluate <Ψ | H | Ψ > !



Adiabatic (Born-Oppenheimer) approximation

• Electrons much lighter & faster than nuclei, their timescales 
much shorter

• Quantum EOM for electrons, classical ones for ions

• Solution of the electrons QM: global many-body 
wavefunction, whose size grows exponentially



The electronic density

• Is a function of 3 spatial coordinates, independently of N

• Is measurable

• Many physical quantities can be inferred from it

Can we reformulate the many-body electron problem 
in terms of n(r)?



The energy functional



Kohn-Sham: map onto a non-interacting system
• Separate, in T[n], the kinetic energy of N non-interacting 

electrons but not necessarily homogeneous Ts[n]

• Add the term EXC that describe quantum effects (exchange 
and correlation) and the difference between T[n] and Ts[n]



The energy functional rewritten



• Regroup all “potential” terms into a single-particle 
effective potential

• Rewrite Schrödinger equation in terms of (solvable) 
independent single-particle equations

The Kohn-Sham equations



 Solve quantum ( equations, calculate ab initio 
enthalpies and forces (at T = 0 K)

Ab initio molecular dynamics



 Solve quantum ( equations, calculate ab initio 
enthalpies and forces (at T = 0 K)

 Finite temperature: move atoms, explore (chemical) 
phase space

In the end, the ab initio energy and forces



Connection AIMD – Statistical mechanics
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Geological fluid CO2 (thesis of M. Moog)

 An essential component of geological physics and chemistry( = 10-30

T-rex)
 Subject to many potential “transformations”, both intrinsic and 
extrinsic 



Pressure/temperature phase diagram of CO2

 Two major regimes: molecular (up to 40 Gpa) and polymeric 
(beyond)( = 10-30 T-rex)
Many crystalline phases, and several possible disordered (liquid, 
amorphous) forms  



CO2 phase diagram exploration 
by ab initio molecular dynamics

 45 different P/T points (3 
temperatures, 15 pressures)
= 10-30 T-rex)
 100-ps long trajectories, ~5ns 
trajectories in total

 32 CO2 molecules



Ab initio phase diagram of CO2

Four different regimes:

- “Standard” molecular liquid: composed 
of individual CO2 molecules

- Reactive/Dimeric molecular fluid:
formation of dimers (and trimers), 
exchange of O between molecules

- Polymeric fluid: Extremely dynamic fluid 
with a complex chain network in perpetual 
evolution

- Glassy system or CO2-V: CO2-V likely 
most stable in  “real” experimental 
conditions.

M. Moog, F. Pietrucci, AMS, under evaluation (2020)
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General principles of machine-learning approaches 
in ab initio computational materials science

 Ab initio (“electronic structure”) calculations 
are generally very expensive
 DFT~ N3

 Quantum Monte Carlo ~ N4

 Adv quantum chem ~ N6-7

 Ab initio trajectories ~ ns timescale at the best

 CO2 trajectories: ~2.5 million supercomputer 
hours ~ 6-8 months of human time at best

 Even using metadynamics or other enhanced 
sampling methods, this is a major bottleneck



General principles of machine-learning approaches 
in ab initio computational materials science

 Neural networks can “learn”, by training, to 
recognize a cat from a dog, or handwritten 
numbers

 Can we train neural networks to “recognize” 
atomic configurations, and univocally 
associate to them physical quantities (energy, 
forces, etc…)?

 Can we exploit our long ab initio trajectories?

PhD thesis of Julien Heu



General principles of machine-learning approaches 
in ab initio computational materials science

 “Fitting” quantum-based physical 
interactions is not new (it is what 
“classical model potentials” do)

 Founder of the method: Jörg Behler
(Univ Göttingen)

 Building a NNP can be done:
 without any a priori 

knowledge/choice of the 
mathematical form of the 
potential

 with a “local” perspective: 

PhD thesis of Julien Heu



General principles of machine-learning approaches 
in ab initio computational materials science

 We use structural descriptors with rotational 
and translational symmetries: Smooth 
Overlap of Atomic Positions (SOAP)

 Local approach, i.e. for a single CO2 molecule:

 Differences with standard fitting techniques
 Hierarchy and non-linearities
 Stochastic gradient descents
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Jörg Behler (Univ Göttingen)

Mathieu Moog (PhD in 2019) – CO2
Julien Heu – 2nd year PhD student
Timothée Devergne – 1st year PhD student


