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Abstracts 

 

Wolfgang Hackbusch: HOSVD in the hierarchical tensor format - computation and 
properties 
We recall the definition of the higher order singular-value decomposition (HOSVD) and 
the hierarchical tensor format. The computation of the HOSVD is essential for the 
truncation procedure. The recursive algorithm for the HOSVD computation is explained. 
The second part of the talk concerns the analytic properties of the truncation. It turns 
out that the truncation preserves properties as, e.g., the smoothness of multivariate 
functions. Via the Gagliardo-Nirenberg inequality one even obtains error estimate w.r.t. 
the sumpremum norm. 
 
 
Mi-Song Dupuy: Approximability of eigenfunctions of electronic Schrödinger 
equation by tensor trains 
The N-body ground-state eigenfunction of an electronic Schrödinger equation is usually 
discretized in the Fock space of antisymmetrized tensors of one-particle functions.In this 
basis, the eigenfunction is a tensor which can be represented in a tensor train format, 
i.e. as a product of rank-3 tensors. Recently, the tensor train format (also known as 
matrix product states in quantum chemistry) were found to numerically give accurate 
approximations of the ground state of N-body Schrödinger equation. In this talk, some 
results on the approximability by tensor trains of the ground-state eigenfunction of an     
N-body Schrödinger equation will be presented. A precise characterization of the 
singular values of matrix reshapes of a single Slater determinant will be given, 
supported by numerical tests. Our results suggest a new scheme to label the one-
particle function basis and improve the accuracy of the tensor train approximation.  
Joint work with G. Friesecke. 
 
 
Antoine Levitt: Electronic transport in periodic systems 
I will derive the current response of independent electrons in a periodic potential 
perturbed by a small electric field, in the case of insulators, metals and semi-metals, 
presenting in an unified framework such phenomena as the anomalous quantum hall 
effect, the effective mass of electrons in metals, Bloch oscillations and the residual DC 
conductivity of graphene. The tools used are linear response and adiabatic theory.  
Joint work with E. Cancès, C. Fermanian, C. Lasser and S. Siraj-Dine. 
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Geneviève Dusson: Learning the density-to-pair density map 
In this talk, I will discuss the possibility of learning the density to pair density map in 
density functional theory. Among many possible approaches, a particularly promising one 
is the encoding of correlations into a statistical object called the copula, which is usually 
used to study the dependence between random variables. 
Joint work with Gero Friesecke and Claudia Klüppelberg 
 
 
Ugo Bindini: Approximation of wave-functions with given marginals 
I will show how to approximate a nonnegative symmetric wave-function by keeping a 
given marginal constraint. Combining this with the smoothing of transport plans with fixed 
marginals,   I will give a partial positive answer to a conjecture posed by Lieb in 1983. 
 
 
Robert Altmann: Localized states of the Gross-Pitaevskii eigenvalue problem 
We consider the Gross-Pitaevskii eigenvalue problem under a disorder potential. In this 
setting, exponentially localized states can be observed. In order to approximate these 
states, we apply the J-method - an iteration scheme for nonlinear eigenvector problems. 
Contrary to classical gradient flows this allows both the selective approximation of excited 
states as well as the amplification of convergence beyond linear rates in the spirit of the 
Rayleigh quotient iteration. 
 
 
Christian Mendl: Coherent terahertz radiation from a nonlinear oscillator of viscous 
electrons 
One of the most promising routes to the spontaneous generation of terahertz radiation is 
the Dyakonov-Shur instability of a two-dimensional electron gas [Dyakonov and Shur, 
Phys. Rev. Lett. 71, 2465 (1993)]. This instability arises from a non-standard, but 
experimentally achievable choice of boundary conditions on the electron gas, coupled to 
a uniform background current flow. Despite much circumstantial evidence for this 
instability, a clean experimental realization has proven to be difficult, most likely since the 
instability was implicitly deep in a hydrodynamic regime, where electrons collide with each 
other at a rate much larger than Umklapp or phonon/impurity collisions. In this talk, we 
investigate a corresponding hydrodynamic model and numerically demonstrate that the 
endpoint of this instability is a nonlinear hydrodynamic oscillator, consisting of an 
alternating shock wave and rarefaction-like relaxation flowing back and forth in the device. 
We discuss the frequency and amplitude dependence of the emitted radiation on physical 
parameters (viscosity, momentum relaxation rate and bias current) beyond linear response 
theory, providing detailed predictions for future experiments. 
 
 
 
 
 
 



Page 3 of 8 

 
Felix Henneke: Fast optical absorption spectra calculations for periodic solid state 
systems 
A method for the construction of an efficient approximation to the screened direct 
interaction kernel of the Bethe-Salpeter Hamiltonian for periodic solid state systems is 
presented. It relies on the interpolative separable density fitting technique. It is shown that 
the cost of constructing the approximate Bethe-Salpeter Hamiltonian and of applying it to 
a vector scale nearly optimally with respect to the number of samples in the Brillouin zone. 
Therefore the optical absorption spectrum, as well as selected excitation energies can be 
efficiently computed via iterative methods. This is a significant reduction from the scaling 
associated with a brute force approach for constructing and diagonalizing the 
Hamiltonian. The efficiency and accuracy of this approach is demonstrated in the example 
of the optical absorption of diamond. For this system, it takes 6 hours to assemble the 
Bethe-Salpeter Hamiltonian and 4 hours to fully diagonalize the Hamiltonian using 169 
cores when the brute force approach is used. The new method takes less than 3 minutes 
to set up the Hamiltonian and 24 minutes to compute the absorption spectrum on a single 
core. 
 
 
Sebastian Matera: Bridging between electronic and macroscopic scales for 
heterogeneous catalysis 
Heterogeneous catalysis has an intrinsic multiscale character. On the one hand, the 
deepest chemical understanding is obtained on the level of electronic structure, which 
governs the nature of chemical bonding. On the other hand, we are typically interested in 
producing macroscopic amounts of a target compound. In my talk, I will report on a 
multiscale modelling strategy bridging between these extremes. Via several layers, each 
equipped with its own physical model, this strategy incorporates the predictive quality of 
quantum chemical approaches into continuum level simulations for modelling macroscale 
conversion and transport within the reaction chamber. Using CO oxidation on a Palladium 
surface as an example, I will show how this approach can shine light into still debated 
fundamental questions, which are not accessible by experiment or phenomenological 
modelling 
 
 
Bernd Schmidt: Surface energy and boundary layers for a chain of atoms at low 
temperature 
We report on recent results on the low-temperature behaviour for a one-dimensional 
chain of atoms that interact via a Lennard-Jones type potential. In particular we (1) provide 
a detailed analysis of the boundary layers and surface energy at temperature T = 0, (2) 
show that at T > 0 the Gibbs measures for infinite chains and semi-infinite chains satisfy 
path large deviations principles and find that the surface correction to the Gibbs free 
energy converges to the zero temperature surface energy, and (3) derive bounds on the 
decay of correlations. 
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Andreas Bittracher: Dimensionality reduction of complex molecular systems: the 
transition manifold approach 
The effective longtime dynamics of complex multiscale systems can often be described by 
just a small number of essential degrees of freedom, also known as reaction coordinates 
(RCs). However, the data-driven derivation of good RCs often proves difficult, in part due 
to a lack of robust mathematical criteria for judging their quality. 
Recently, a new mathematical framework for the characterization and computation of RCs 
has been developed [1]. The derived RCs are optimal in preserving the longest implied 
timescales and the associated slow sub-processes of the original system. At the heart of 
the new theory lies the observation that state space points that are "statistically 
indistinguishable" under the longtime evolution of the system are "geometrically 
indistinguishable" after embedding into a certain function space. In this embedding 
space, the points thus lie on a low-dimensional manifold which can be numerically 
identified by established manifold learning algorithms. In particular, a newly-developed 
kernelized variant of the diffusion maps algorithm has proven especially well-suited for the 
problem [2]. The new theory has deep links to Markov state modelling and transition path 
theory. 
This talk will present both the theoretical concepts of the new method, as well as various 
data-driven algorithms, and demonstrate them on realistic biochemical systems. 
[1] "Transition Manifolds of Complex Metastable Systems". Bittracher, A., Koltai, P., Klus, 
S., Banisch, R., Dellnitz, M., Schütte, C. J Nonlinear Sci (2018) 28: 471. 
https://doi.org/10.1007/s00332-017-9415-0 
[2] "Dimensionality Reduction of Complex Metastable Systems via Kernel Embeddings of 
Transition Manifolds". Bittracher, A., Klus, S., Hamzi, B., Schütte, C. arXiv Preprint (2019). 
https://arxiv.org/abs/1904.08622 
 
 
Gaspard Kemlin: Convergence analysis of SCF and gradient descent algorithms 
Nowadays, lots of different algorithms exist to solve the mathematical problems that arise 
in quantum chemistry and molecular simulation. Most of them are either based on the 
direct minimization of some energy under constraints or based on fixed point iterations to 
solve a self-consistent formulation of the problem. It is not clearly understood which class 
of algorithms is more convenient in which situation nor the cases where they are 
recommended to be used. We propose in this talk a first approach to the understanding 
of the intrinsic differences between two simple algorithms of each class: a damped SCF 
algorithm and a projected gradient descent. If their convergence is a classical result 
already known, we intend to provide some analysis of their behavior. Joint work with E. 
Cancès and A Levitt. 
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Benedikt Graswald:  Existence and non-existence of HOMO-LUMO excitations 
In this talk we will investigate the mathematical status of the simplest electronic excitation 
in Kohn-Sham density functional theory, the HOMO-LUMO excitations as defined in [1]. 
We show using concentration- compactness arguments that such excitations, i.e. excited 
states of the Kohn-Sham Hamiltonian, exist for Z > N, where Z is the total nuclear charge 
and N is the number of electrons. By contrast, and somewhat surprisingly, we find using a 
method of Glaser, Martin, Grosse, and Thirring [2] that in case of the hydrogen atom, 
excited states do not exist in the neutral case Z = N when the self-consistent KS ground 
state density is replaced by a realistic but easier to analyze approximation.  
[1] G. Friesecke and M. Kniely. New optimal control problems in density functional theory 
motivated by photo-voltaics. Multiscale Modeling & Simulation, 17(3):926–947, 2019.  
[2] V. Glaser, A. Martin, H. Grosse, and W. Thirring. A family of optimal conditions for the 
absence of bound states in a potential. Les rencontres physiciens-mathématiciens de 
Strasbourg-RCP25, 23:0–21, 1976.  
 
 
Jean-Philip Piquemal: Scalable polarizable molecular dynamics using Tinker-HP 
Tinker-HP [1] is a CPU based, double precision, massively parallel package dedicated to 
long polarizable molecular dynamics simulations and to polarizable QM/MM. Tinker-HP is 
an evolution of the popular Tinker package (http://tinker-hp.ip2ct.upmc.fr/) (present in the 
Tinker 8 distribution) that conserves its simplicity of use but brings new capabilities 
allowing performing very long molecular dynamics simulations on modern supercomputers 
that use thousands of cores. Indeed, this project gathers scientists from various fields 
including Chemistry, Applied Mathematics and Biomolecular Engineering and redefined 
completely the algorithmic of usual polarizable simulations package. The Tinker-HP 
approach offers various strategies using domain decomposition techniques for periodic 
boundary conditions in the framework of the (N)log(N) Smooth Particle Mesh Ewald or 
using polarizable continuum simulations through the new generation ddCosmo approach. 
Tinker-HP proposes a high performance scalable computing environment for polarizable 
force fields giving access to large systems up to millions of atoms. I will present the 
performances and scalability of the software in the context of the AMOEBA force field and 
show the incoming new features. As the present implementation is clearly devoted to 
petascale applications, [2] the applicability of such an approach to future exascale 
machines will be exposed and future directions of Tinker-HP discussed. My talk will 
highlight the important collaborations with applied mathematics that led the software to 
improved performances.  
[1] Tinker-HP: a Massively Parallel Molecular Dynamics Package for Multiscale Simulations 
of Large Complex Systems with Advanced Polarizable Force Fields. L. Lagardère, L.-H. 
Jolly, F. Lipparini, F. Aviat, B. Stamm, Z. F. Jing, M. Harger, H. Torabifard, G. A. Cisneros, 
M. J. Schnieders, N. Gresh, Y. Maday, P. Ren, J. W. Ponder, J.-P. Piquemal, Chem. Sci., 
2018, 9, 956-972   
[2] Performances of the Tinker-HP Massively Parallel Molecular Dynamics Package: a living 
review. L. H. Jolly, A. Duran, L. Lagardère, , J. W. Ponder, P. Y. Ren, J.-P. Piquemal, 
LiveCoMS, 2019, 2, XX, in press, https://arxiv.org/abs/1909.03732   
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Michael Herbst: DFTK: The density-functional toolkit 
The development of density-functional theory (DFT) in the 60s and 70s clearly marked a 
breakthrough for the theoretical modelling of electronic structures. Nowadays, this tool is 
absolutely essential in materials science and chemistry as can be estimated from the fact 
that 13 papers in the top 100 most cited list from Web of Science can be attributed to 
seminal contributions in this field. 
Still, the appearance of ever more inhomogeneous computer architectures in high-
performance computing the one hand and the urge to achieve black-box high-throughput 
calculations on the other, keeps posing novel challenges. Tackling these inevitably 
requires interdisciplinary efforts on the border between mathematical analysis, algorithm 
development and quantum-chemical modelling in order to achieve the required reliability 
and performance.  
This contribution presents DFTK [1], the density-functional tool kit, a code which aims to 
facilitates mathematically-driven improvements of plane-wave DFT. Unlike existing codes 
in this field, our aim is to keep the code base simple and accessible, such that provable 
toy problems can be easily implemented. At the same time DFTK should allow to scale 
findings to the HPC level accessing modern hardware such as GPUs. In this way we hope 
to bridge the gap between mathematical research and real-world applications in one 
single code. 
[1] https://github.com/mfherbst/DFTK.jl 
 
 
Heinz-Jürgen Flad: Spectral analysis of Fermionic nodal domains 
Antisymmetry with respect to the interchange of identical particles is a characteristic 
property of fermionic wavefunctions. As a consequence, the configuration space of many-
fermion systems can be subdived into nodal domains where the wavefunction has a 
definite sign. The nodal domains of a system of N identical fermions are subdived by 
hypersurfaces of dimension 3N -1. Due to the high dimensionality of the problem, the 
geometrical properties of these hypersurfaces are not easily accessible. In particular it is a 
difficult task in electronic structure theory to compare nodal domains, e.g.~of a molecule, 
on various levels of approximation. This has important practical consequences for 
quantum Monte Carlo calculations, which provide important benchmarks in quantum 
chemistry. 
In my talk, I want to discuss a novel approach, based on spectral geometry, to characterize 
nodal domains. A basic ingredient is the heat-kernel, which encodes essential geometrical 
properties. For a given nodal domain, the heat-kernel is calculated by a path-integral 
Monte Carlo method.  
In order to demonstrate the feasibility of this approach, some numerical results are 
presented for simple model problems. 
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Sandra Döpking: Multilevel kinetic Monte Carlo approach 
In recent years, kinetic Monte Carlo (kMC) models reached an increasing interest for 
modeling charge transport - e.g., for organic or inorganic semiconductor materials, fuel 
cells or battery materials. In this setting, the performance of the kMC model is highly 
dominated by the long-range interaction update within every simulation step, which 
causes a huge computational effort for medium-sized systems. In order to address this 
problem, we developed a Multilevel kinetic Monte Carlo approach based on approximate 
updates of the interaction energy. Therefore, we divide the interactions in short-range - 
updated in every step - and long-range interactions that are only updated after nh steps. 
The resulting hierarchy of approximations is then exploited using a multilevel sampling 
strategy. In our tests, this approach substantially reduced the computational costs 
compared to the single level approach and the unbiased algorithm with exact updates in 
every step.  
 
 
Grégoire Ferré: Coulomb gases and the spectrum of random matrices under 
constraint 
Random matrices appear in various theoretical and practical fields, from quantum physics 
to applied finance. The spectrum of random matrices plays an important role in such 
areas, for instance by quantifying random energy levels or estimating covariance matrices. 
In the regime of a large number of entries, such a spectrum very often shows a universal 
limit behaviour, which depends on the ensemble at hand and can be characterized by 
variants of Coulomb gases.  
Another interesting problem is that of fluctuations of such a spectrum. This is an issue for 
instance in disordered systems, where one is interested in the spectrum conditioned on 
having a certain amount of positive eigenvalues (stable directions). Studying numerically 
this issue is made difficult because the conditioning event is generally very rare, so a naive 
rejection method drawing matrices is inefficient. In this talk, I will present briefly a 
numerical and theoretical study of such conditioned Coulomb gases in view of [Chafai, 
Ferré, Stoltz, 2019].  
 
 
Laura Lopes: Simulating rare events in molecular dynamics with the Adaptive 
Multilevel Splitting 
In this talk I'll present the Adaptive Multilevel Splitting (AMS) method and how it can be 
used to sample rare events in molecular dynamics. I'll also briefly talk about the calculation 
of the transition time using the probability obtained with AMS using a toy 1D model. 
 
 
Kyle Thicke: Low scaling algorithm for the ppRPA correlation energy 
We present a low-scaling algorithm for the computation of the ppRPA correlation energy 
in the context of density functional theory. We utilize the Hutchinson algorithm and a 
Chebyshev approximation; but, the real reduction in computational cost comes from 
creatively inserting the identity operator and structuring the randomness to match the 
structure of the problem. We end up with a Hutchinson algorithm whose cost per iteration 
grows merely quadratically in the system size. 
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Hakon Hoel: Langevin dynamics derived from quantum mechanics  
We consider the molecular dynamics of a particle system weakly coupled to a heat bath in 
the canonical ensemble. This leads to Zwanzig's model for generalized Langevin equations 
for describing the dynamics of the particle system.  For quite general coupling between 
the particle system and the heat bath, we derive the explicit form of the classic Langevin 
dynamics that in weak sense is the best approximation of the particle system when the 
mass ratio between system and heat bath nuclei is large.  We will also shortly discuss the 
extension of the argument to deriving (well approximating) Langevin dynamics from 
quantum systems. 
 
 
Harry Yserentant: On the expansion of wavefunctions into sums of products of 
orbitals and geminals 
Electronic wavefunctions can without doubt be better approximated by sums of products 
of or- bitals and geminals than by sums of products of orbitals alone. The final aim of the 
presented work is to show that the speed of convergence of such expansions depends 
only weekly on the number of electrons. A first important step towards this aim is the 
study of the solutions of Laplace-like equations −Δu + µu = f , µ a positive constant, on 
high-dimensional spaces !m with correspondingly structured right-hand sides f. If the 
right-hand side f is a rapidly converging se- ries of separable functions, the solution u can 
be represented in the same way. These constructions are based on approximations of the 
function 1/r by sums of exponential functions. I will present results of similar kind for more 
general right-hand sides f(x) = F(Tx) that are composed of sums of separable functions on 
a space of a dimension n greater than m and a linear mapping given by a matrix T of full 
rank. Right-hand sides that are sums of products of orbitals and geminals fall into this 
category. These results are based on the observation that in the high-dimensional case the 
euclidian norm of T t ω behaves for ω in most of the !n like the euclidian norm of ω.  

H. Yserentant, On the expansion of solutions of Laplace-like equations into traces of 
separable higher dimensional functions, arXiv:1807.05340 [math.NA]  

 


