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Phase I (2015–2018):  
Focused on establishing the CoE foundation by porting flagship community codes to large-scale architectures 
and enhancing software interoperability.

Phase II (2018–2022):  
Targeted "pre-exascale" readiness by optimizing codes for heterogeneous hardware (GPUs) and transitioning 
toward high-throughput computing workflows

Phase III (2023–2026):  
Aims for full exascale performance on EuroHPC systems while integrating exascale workflows and prioritizing 
energy-efficient materials simulation.



Motivation: HPC at the exascale

Leonardo: Atos + NVIDIA A100 
(CUDA backend)   =>  239 PFlops

LUMI: CRAY + AMD cards 
(ROCm, HIP)  =>  309 PFlops

MareNostrum V: Atos + NVIDIA 
H100 => 208 PFlops  (estimated)

the exascale challenge 
in high performance computing

1018 Flops/s 
1018 Bytes 
abrupt technology changes 
action is needed for full 
exploitation 
heterogeneous machines 
(multiple HW and SW stacks)

Frontier (@ORNL): HDE+AMD 
=>  1194 PFlops

US DOE
Jupiter: > 1 ExaFlops



Electronic Structure Methods 
highly accurate (predictive) 
computationally demanding

Higher accuracy

Improved modelling 
(complexity)

High throughput 
screening

ab initio materials modelling

quantum mechanics based  
atomistic modelling of materials 

+ 
interfacing with multiscale approaches

the exascale opportunity:

Electronic Structure Methods 
highly accurate (predictive) 
computationally demanding 
a case for HPC



exascale opportunity: complexity
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Graphene / Transition Metal / Ir (111) 
clear experimental evidence for moire’ pattern 
(lattice mismatch) and Gr corrugation 
10x10 Graphene, 9x9 Iridium => 605 atoms / unit cell 
Precise treatment of the structure is important for 
modelling

Avvisati et al, J Phys. Chem. C 121, 1639 (2017) 

Avvisati et al, Nano Lett. 18, 2268 (2018) 
Calloni et al, J. Chem. Phys. 153, 214703 (2020) 
Cardoso et al, Phys. Rev. Mat. 5, 014405 (2021) 
Pacile’ et al, Appl. Phys. Lett. 118, 121602 (2021)



exascale opportunity: high throughput screening



exascale opportunity: high throughput screening

N. Mounet, ..., N. Marzari, Nature Nanotechnology 13, 246 (2018)  
D. Campi, N. Mounet, M. Gibertini, G. Pizzi, and N. Marzari, ACS Nano 17, 11268–11278 (2023)  



Materials Design at the Exascale 

European centre of Excellence in HPC 
applications 
funded for 3 phases (2015-2026) 
head-quartered at CNR-NANO, Modena 
focused on electronic structure 
codes



A partnership with the required skills

MAX coordination and management: Cnr – Modena, Italy

LIGHTHOUSE 
CODES

HPC EXPERTS
& DATA CENTRES

TECHNOLOGY & 
CO-DESIGN PARTNERS

www.max-centre.eu info@max-centre.eu @max_center2 /company/max-centre

DOMAIN EXPERTS
& CODE DEVELOPERS



parallel optimization and 
performance portability are key to 
keep exploiting HPC resources 

All MaX flagship codes released for 
production with GPU support  

http://www.max-centre.eu/

large effort on education and training:  
hands-on schools and hackathons

widely used open source, 
community codes in electronic 
structure

hardware-software codesign vehicles 
energy-efficiency of codes

SELECTED ACTIVITIES

• Design, of exascale workflows for selected 
scientific grand challenges



Lhumos Platform: Learning Hub for Modeling and Simulation



Lhumos Platform: Learning Hub for Modeling and Simulation



Lhumos Platform



Lhumos Platform



Lhumos Platform



Lhumos Platform

www.alpha.lhumos.org
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Many Body Perturbation Theory:  

motivation and basic concepts

Computational Materials Science
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Realization of the “fourth paradigm” of science in materials science

E. O. Pyzer-Knapp et al. npj Computational Materials  8, 84 (2022) 

A. Agrawal, A. Choudhary APL Mater. 4, 053208 (2016)

https://www.nature.com/npjcompumats
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Computer meets theoretical physics

Berni Julian Alder (September 9, 1925 – September 7, 2020) 

Boltzmann medal (2001)

Simulations of 32/108 hard spheres  

7000 collisions per hour

IBM-704 Los Alamos 1957    

   ~5000 Flops 

 ~10⁸–10⁹× slower than a modern mobile phone

computer simulation as a  
legitimate scientific method

Alder, B. J.; Wainwright, . "Phase Transition for a Hard Sphere System". J. Chem. Phys. 27, 1208–1209 (1957)

“The method consists of solving exactly  
the simultaneous classical equation of 

motion of several hundreds particles  by 
means of fast electronic computers”

Mary Ann Mansigh 

(1932 – August 24, 2024)
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The many body problem in Quantum Mechanics

Nobel Prize in Physics 1933

Quantisierung als Eigenwertproblem (Quantization as an Eigenvalue Problem) E. Schrodinger Annalen der Physik 1926
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The many body problem in Quantum Mechanics

HΨ(r1, r2, . . . rN) = EΨ(r1, r2, . . . rN)

Hamiltonian of a System of N interacting electrons

From Schrödinger to Hopfield-Hinton: The many-body (hard) problem

H! = E!

Hamiltonian of a system of N interacting electrons
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Cesare Franchini Yambo School 2025 4 / 32

Exact solutions of the many-electron Schrödinger equation scale exponentially with the number of electrons due to the growth of the Hilbert space (“exponential wall”).

“The fundamental laws necessary for the 
mathematical treatment of a large part of 

physics and the whole of chemistry are thus 
completely known, and the difficulty is only that 

the exact application of these laws leads to 
equations much too complicated to be soluble.”

— P. A. M. Dirac, Proceedings of the Royal 
Society A 123, 714 (1929)
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The many body problem in Quantum Mechanics
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Hamiltonian of a System of N interacting electrons
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Exact solutions of the many-electron Schrödinger equation scale exponentially with the number of electrons due to the growth of the Hilbert space (“exponential wall”).

“The fundamental laws necessary for the 
mathematical treatment of a large part of 

physics and the whole of chemistry are thus 
completely known, and the difficulty is only that 

the exact application of these laws leads to 
equations much too complicated to be soluble.”

— P. A. M. Dirac, Proceedings of the Royal 
Society A 123, 714 (1929)

Exact solutions of the many-electron Schrödinger equation are prohibited by exponential scaling in both memory and time. It is not a merely technological issue.

Assumes exact diagonalization using 
an iterative solver, sparse 
Hamiltonian, fixed iteration count, 
and sustained 1 PFLOP/s 
performance (highly optimistic).
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The many body problem in Quantum Mechanics

Nobel Prize in Chemistry 1998

• P. Hohenberg, and W. Kohn, "Inhomogeneous Electron Gas," Physical Review, 136,  B864–B871 (1964)
• W. Kohn, and L. J. Sham, "Self-Consistent Equations Including Exchange and Correlation Effects," Physical Review,. 140, A1133 (1965)
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Breaking the exponential wall: The density functional theory

HΨ(r1, r2, . . . rN) = EΨ(r1, r2, . . . rN) n(r) = N∫ |Ψ(r1, . . , rN) |2 dr2 . . drN

Useless:  is unknown: The theorems do not provide a way to calculate anything!FHK(n)

Hohenberg-Kohn Theorems:

The ground-state density n(r), a function of only 3 variables, fully determines all ground-state properties.

ngs(r) ↔ Vext
ground state density determines the external potential in which the electrons move and thus the Hamiltonian and all physical properties of the system.

Exists an universal functional  such that:FHK(n)

EV0
[n] = FHK[n] + ∫ d3rv0(r)n(r)

E0 = Ev0
[n0] < Ev0

[n] Variational principle



Online Computational Spectroscopy: Hands-on Many Body Calculation with the Yambo code. 5-7 May 2026  

Breaking the exponential wall: Kohn-Sham construction, making DFT practical

Kohn–Sham DFT: An Effective One-Particle Picture

Map the interacting many-electron system onto a fictitious non-interacting system with the same ground-state density.

DFT replaces an exponentially complex wavefunction with a tractable density, at the price of an approximate exchange–correlation functional. 

Polynomial scaling ~  

Treats 102 - 104 electrons

N3

n0(r) = ∑
i=1

|ψi(r) |2

EKS = Tip[n] + ∫ drVext(r)n(r) + EHartree[n] + Exc[n]

• Kohn-Sham functional - rewriting the Hohenberg-Kohn functional 
• Auxiliary system of independent particles

Equation for independent particle 
soluble

Exchange-Correlation 
Functional – Exact formulation 

but unknown functional!
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Breaking the exponential wall: Kohn-Sham construction, making DFT practical

EKS = Tip[n] + ∫ drVext(r)n(r) + EHartree[n] + Exc[n]

Equation for independent particle 
soluble

Exchange-Correlation 
Functional – Exact formulation 

but unknown functional!

In principle is exact 

In practice it makes possibile useful approximation

Finding a good approximation for  requires information about the interacting 
many-body problem

Exc[n]

A new field of research – find useful, approximate  functionalsExc[n]
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Exchange-Correlation Potential

Picture adapted  from K. Rowell PhD thesis

Hartree World

See. J. Perdew and K. Schmidt AIP Conf. Proc. 577, 1 (2001)

modern deep learning-based XC functional
arXiv preprint arXiv:2506.14665

Use a model where the exchange correlation energy can be calculated

How to find a [approximate] functional  ?Exc[n]

Local Density Approximation (LDA): 

  was been calculated as a function of density using quantum Monte Carlo methods.ϵUEG
xc (n)

At each point in space, the exchange–correlation energy is approximated by that  
of a uniform electron gas with the same local density.

ELDA
xc [n] = ∫ n(r)ϵUEG

xc (n(r))dr

ϵUEG
xc (n(r)) exchange–correlation energy per particle of the uniform electron gas

D. Ceperley and B. Alder Phys. Rev. Lett. 45, 566 (1980)

J. P. Perdew, A. Zunger Phys. Rev. B 23, 5048 (1981)
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Success of Density Functional Theory

dispersions of Si were calculated as well by Savrasov
(1996) as a test of the LMTO implementation of DFPT.
Dispersions for InP appear in a paper devoted to the
(110) surface phonons of InP (Fritsch, Pavone, and
Schröder, 1995); dispersions for both GaP and InP were
published in a study of phonons in GaInP2 alloys (Ozo-
liņš and Zunger, 1998). For all these materials, phonon
spectra and effective charges are in very good agree-
ment with experiments, where available. For AlAs—for
which experimental data are very scarce—these calcula-
tions provide the only reliable prediction of the entire
phonon dispersion curve. For Si, the calculated phonon
displacement patterns compare favorably to those ex-
tracted from inelastic neutron-scattering experiments
(Kulda et al., 1994).

In all these materials the interatomic force constants
turn out to be quite long ranged along the (110) direc-
tion. This feature had already been observed in early
calculations (Herman, 1959; Kane, 1985; Fleszar and
Resta, 1986) and is related to the peculiar topology of
diamond and zinc-blende lattices, with bond chains
propagating along the (110) directions.

The force constants of GaAs and of AlAs are espe-
cially interesting in view of their use in complex GaAlAs
systems such as superlattices, disordered superlattices,
and alloys. While the phonon dispersions in GaAs are
experimentally well characterized, bulk samples of AlAs
of good quality are not available, and little experimental
information on its vibrational modes has been collected.
For several years it has been assumed that the force
constants of GaAs and those of AlAs are very similar
and that one can obtain the dynamical properties of
AlAs using the force constants of GaAs and the masses
of AlAs (the mass approximation; Meskini and Kunc,
1978). The DFPT calculations provided convincing evi-
dence that the mass approximation holds to a very good
extent between GaAs and AlAs (Giannozzi et al., 1991).
This transferability of force constants makes it possible
to calculate rather easily and accurately the vibrational
spectra of complex GaAlAs systems (Baroni, Giannozzi,
and Molinari, 1990; Molinari et al., 1992; Baroni, de Gi-
roncoli, and Giannozzi, 1990; Rossi et al., 1993). Some-
what surprisingly, the mass approximation does not
seem to be valid when the interatomic force constants
for a well-known and widely used model, the bond-
charge model (BCM), are employed. A six-parameter
bond-charge model for GaAs that gives dispersions
comparing favorably with experiments and ab initio cal-
culations, yields, when used in the mass approximation,
AlAs dispersions quite different from first-principles re-
sults. This clearly shows that information on the vibra-
tional frequencies alone is not sufficient to fully deter-
mine the force constants, even when complete phonon
dispersions are experimentally available. In order to ob-
tain more realistic dispersions for AlAs in the mass ap-
proximation, one has to fit the bond-charge model for
GaAs to both frequencies and at least a few selected
eigenvectors (Colombo and Giannozzi, 1995).

b. II-VI semiconductors

The II-VI zinc-blende semiconductors ZnSe, ZnTe,
CdSe, and CdTe present some additional difficulties in a
plane-wave-pseudopotential (PP-PW) framework with
respect to their III-V or group-IV counterparts. The cat-
ion d states are close in energy to the s valence states so
that the d electrons should be included among the va-
lence electrons. Phonon calculations performed several
years ago, when the inclusion of localized d states in the
pseudopotential was difficult, showed that the effects of
cation d electrons could also be accounted for by includ-
ing the d states in the core and by using the nonlinear
core-correction approximation. The results showed an
accuracy comparable to that previously achieved for el-
emental and III-V semiconductors (Dal Corso, Baroni
et al., 1993). Similar calculations have been more re-
cently performed for hexagonal (wurtzite structure) CdS
(Debernardi et al., 1997; Zhang et al., 1996) and CdSe
(Widulle, Kramp et al., 1999) and compared with the re-
sults of inelastic neutron scattering experiments.

FIG. 1. Calculated phonon dispersions and densities of states
for binary semiconductors GaAs, AlAs, GaSb, and AlSb: !,
experimental data. From Giannozzi et al., 1991.
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liņš and Zunger, 1998). For all these materials, phonon
spectra and effective charges are in very good agree-
ment with experiments, where available. For AlAs—for
which experimental data are very scarce—these calcula-
tions provide the only reliable prediction of the entire
phonon dispersion curve. For Si, the calculated phonon
displacement patterns compare favorably to those ex-
tracted from inelastic neutron-scattering experiments
(Kulda et al., 1994).

In all these materials the interatomic force constants
turn out to be quite long ranged along the (110) direc-
tion. This feature had already been observed in early
calculations (Herman, 1959; Kane, 1985; Fleszar and
Resta, 1986) and is related to the peculiar topology of
diamond and zinc-blende lattices, with bond chains
propagating along the (110) directions.

The force constants of GaAs and of AlAs are espe-
cially interesting in view of their use in complex GaAlAs
systems such as superlattices, disordered superlattices,
and alloys. While the phonon dispersions in GaAs are
experimentally well characterized, bulk samples of AlAs
of good quality are not available, and little experimental
information on its vibrational modes has been collected.
For several years it has been assumed that the force
constants of GaAs and those of AlAs are very similar
and that one can obtain the dynamical properties of
AlAs using the force constants of GaAs and the masses
of AlAs (the mass approximation; Meskini and Kunc,
1978). The DFPT calculations provided convincing evi-
dence that the mass approximation holds to a very good
extent between GaAs and AlAs (Giannozzi et al., 1991).
This transferability of force constants makes it possible
to calculate rather easily and accurately the vibrational
spectra of complex GaAlAs systems (Baroni, Giannozzi,
and Molinari, 1990; Molinari et al., 1992; Baroni, de Gi-
roncoli, and Giannozzi, 1990; Rossi et al., 1993). Some-
what surprisingly, the mass approximation does not
seem to be valid when the interatomic force constants
for a well-known and widely used model, the bond-
charge model (BCM), are employed. A six-parameter
bond-charge model for GaAs that gives dispersions
comparing favorably with experiments and ab initio cal-
culations, yields, when used in the mass approximation,
AlAs dispersions quite different from first-principles re-
sults. This clearly shows that information on the vibra-
tional frequencies alone is not sufficient to fully deter-
mine the force constants, even when complete phonon
dispersions are experimentally available. In order to ob-
tain more realistic dispersions for AlAs in the mass ap-
proximation, one has to fit the bond-charge model for
GaAs to both frequencies and at least a few selected
eigenvectors (Colombo and Giannozzi, 1995).

b. II-VI semiconductors

The II-VI zinc-blende semiconductors ZnSe, ZnTe,
CdSe, and CdTe present some additional difficulties in a
plane-wave-pseudopotential (PP-PW) framework with
respect to their III-V or group-IV counterparts. The cat-
ion d states are close in energy to the s valence states so
that the d electrons should be included among the va-
lence electrons. Phonon calculations performed several
years ago, when the inclusion of localized d states in the
pseudopotential was difficult, showed that the effects of
cation d electrons could also be accounted for by includ-
ing the d states in the core and by using the nonlinear
core-correction approximation. The results showed an
accuracy comparable to that previously achieved for el-
emental and III-V semiconductors (Dal Corso, Baroni
et al., 1993). Similar calculations have been more re-
cently performed for hexagonal (wurtzite structure) CdS
(Debernardi et al., 1997; Zhang et al., 1996) and CdSe
(Widulle, Kramp et al., 1999) and compared with the re-
sults of inelastic neutron scattering experiments.

FIG. 1. Calculated phonon dispersions and densities of states
for binary semiconductors GaAs, AlAs, GaSb, and AlSb: !,
experimental data. From Giannozzi et al., 1991.

540 Baroni et al.: Phonons and related crystal properties from DFPT

Rev. Mod. Phys., Vol. 73, No. 2, April 2001

Giannozzi, P., S. de Gironcoli, P. Pavone, and S. Baroni,  
Phys. Rev. B 43, 7231 (1991)

from X ray experiment

however considerably smaller than the discrepancies between
theory and experiment. Performing calculations beyond the
pseudopotential approximation and density functional theory
represents a demanding effort largely unjustified, given the
satisfactory accuracy of the present methodology.
The experimental charge density topology of the adenine ring

is of great interest, since the protonation of the pyrimidine N3
atom implies several resonating canonical forms (Figure 5). It
was shown on the basis of bond lengths in a sample of 13
structures containing a protonated adenine38 that canonical forms
2 and 4 contribute more significantly to the resonance scheme.
In the case of an interaction of a trichlorozinc group with the
N4 atom of the N3-protonated base, it was observed that form
2 is favored.39 Examination of the C-N interatomic distances
allows us to gather them into two categories (Table 5b): C7-
N2, C8-N5, and C10-N4 bonds have similar lengths of about

1.32 Å, whereas the remaining C-N bonds are all larger than
1.35 Å. This suggests that the bonds of the first category have
a more pronounced double bond character and that canonical
form 2 of the N3-protonated adenine base is the most compatible
with this observation (Figure 5). The C9-C8 (1.412 Å) and
C9-C6 (1.392 Å) bonds have lengths close to that of the C-C
bond of benzene (1.397 Å). The comparison of the bond lengths
as well as the electron densities and ellipticity values at the
CPs (Table 5b) suggests that C6-C9 has a slightly stronger
double bond character than C9-C8, indicating a partial prefer-
ence for structures 1 and 2 over structures 3 and 4 in Figure 5.
Therefore, the resonant form 2 is likely to be dominant with
the occurrence of other forms. The topological properties fully
confirm this hypothesis, since the electron densities at the C7-
N2, C8-N5, and C10-N4 bonds’ CPs are higher than 2.4 e/Å3,
whereas all other C-N bonds of the adenine base have values

Figure 4. Static deformation electron density in the adenine plane: (a) experimental; (b) theoretical; (c) difference of theory - experiment. Contour
as in Figure 3.

9114 J. Phys. Chem. B, Vol. 107, No. 34, 2003 Guillot et al.DFT calculation (PBE)

B. Guillot et al. J. Phys. Chem. B 107, 9109 ( 2003)

141 binary and ternary oxides

3

Vol.:(0123456789)

Scientific Reports |        (2024) 14:20219  |  https://doi.org/10.1038/s41598-024-69194-w

www.nature.com/scientificreports/

with the greatest errors associated with magnetic elements, speci!cally Cr, Fe, Ni, and Mo. (All calculations were 
exclusively spin unpolarized to isolate common XC errors from spin-dependent errors. "e results suggest that 
magnetoelastic couplings may be signi!cant in several compounds.) In fact, a signi!cant reduction in MARE 
can be achieved for PBEsol (MARE = 0.64) and vdW-DF-C09 (MARE = 0.78), if the magnetic ion-containing 
compounds are excluded (see Table S4).

In addition to lattice parameters, the bulk moduli were computed using the Birch-Murnaghan equation of 
state as given in Eq. S1. As indicated by Fig. 2b, the predicted bulk moduli MAREs are larger than the lattice 

Figure 1.  Histogram of DFT-predicted percent errors relative to the experimental lattice parameters using 
di$erent XC functionals. a, b and c lattice parameters are considered separately for each structure.

Figure 2.  Distribution of DFT-computed percent errors of (a) lattice parameters and (b) bulk moduli for 
di$erent XCs. a, b and c lattice parameters are considered separately for each structure.

Yuk, Simuck F., et al.  Scientific Reports 14. 20219 (2024) 

see also: P. Haas et al. Phys. Rev, B. 79, 085104 (2009)

Optimised Lattice Constants
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• Scopus: “DFT” AND “Calculation” Jan. 2026

Nature 640, 591 (2025)Nature News 514, 550 (2014)

Impact of Density Functional Theory
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Excited states of Materials: Spectroscopy
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Excited states of Materials: Direct Photoemission
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Excited states of Materials: Inverse Photoemission
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Direct photoemission

The ejection (removal) of an electron is always a many-body process

Total energy difference between the N-particle ground 
state and the (N-1) particle state that remains after the 

emission

Inverse photoemission

electron affinity ionization potential

Excited states of Materials: The Band Gap
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Adapted from M. van Schilfgaarde et al. PRL 96 (2006)

Huge discrepancy not due to the LDA

Si: 	
0.47 eV (LDA) vs 1.1 eV (expt)	

GaAs:	
 0.30 eV (LDA) vs 1.4 eV (expt)

Excited states of Materials: The Band Gap Problem
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N. Marzari, A. Ferretti and C. Wolverton Nature MaterIals, 20, 736 (2021)

Excited states of Materials: Theoretical spectroscopy

The zoo of 
computational methods. 

Accuracy and 
computational cost
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Excited states of Materials: Theoretical spectroscopy

The zoo of 
computational methods. 

Accuracy and 
computational cost
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electron affinity ionization potential

Excited states of Materials: The Quasiparticle
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The Green Function
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Green function
Definition and meaning of G

probability amplitude for the propagation of an additional electron from (r2,t2) to (r1,t1) 
in a many body electron system with interacting H

The Green Function
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probability amplitude for the propagation of an additional electron from (r2,t2) to (r1,t1) 
in a many body electron system with interacting H

(r2,t2)

(r1,t1)
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Green function
Similarly for an hole propagation

We define G as: Time-ordered Green Function

The Green Function
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Green function

Green Function has poles at the true many-particle 
excitation energies

G(r1t1, r2t2) = �i
�

j

fj(r1)f⇥j (r2)e�i�j(t1�t2)
⇥
⇥(t1 � t2)⇥(�j � µ)� ⇥(t2 � t1)⇥(µ� �j

⇤

�j =
E(N + 1, j)� E(N)

E(N)� E(N � 1, j)
fj(r1) =

��N
0 |�̂(r1)|�N+1

j ⇥

��N�1
j |�̂(r1)|�N

0 ⇥

�j > µ

�j < µ

Excitation Spectrum

Fourier Transform :

G(r1, r2,⇤) =
�

j

fj(r1)f�
j (r2)

⇤ � �j + i⇥sgn(�j � µ)

Green Function has poles at 
the true many-particle 

excitation energies 

Spectral Function: Density of the excited states 

A(r1, r2;⌅) =
1
⇤

|⇥G(r1, r2,⌅)| =
�

j

fj(r1)f�
j (r2)�(⌅ � ⇥j)

G(r1, r2,⇥) = �
� ⇤

�⇤

A(r1, r2;⇥⇥)
�⇥ � �⇥⇥ + sgn(�⇥⇥ � µ)i�

d⇥⇥

Fourier Transforming in frequency domain:

The Green Function
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How to obtain G??

The Green Function
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How to obtain G??

Perturbation theory starts from what is known to evaluate what is not 
known ...hoping that the difference is small

(e.g. non interacting electrons)

The Green Function
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Quasiparticle Equation

Let’s suppose we know the Self Energy

and consider G0 the Green function of a mean field system defined by

single-particle Hamiltonian

Introducing the Lehmann representation for G

QP equation: looks similar to KS equation but:

contains many body effects (as           )

is not Hermitian, non-local, frequency dependent

part of the potential of a fictitious systempotential felt by an added (removed) electron to (from) the system

not orthonormal

are complex

The Quasiparticle Equation

is local and not frequency dependent
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M. van Schilfgaarde, Takao Kotani, and S. Faleev PRL 96, 226402 (2006)  

Some GW results: semiconductor band gaps

GW band gaps: huge 
improvement wrt the LDA
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M. van Schilfgaarde, Takao Kotani, and S. Faleev PRL 96, 226402 (2006)  

Some GW results: semiconductor band gaps

GW band gaps: huge 
improvement wrt the LDA

Very good agreement with 
the experiment!!
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M. van Schilfgaarde, Takao Kotani, and S. Faleev PRL 96, 226402 (2006)  

Some GW results: semiconductor band gaps

GW band gaps: huge 
improvement wrt the LDA

Very good agreement with 
the experiment!!

But for a wrong reason!!!!
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GW: an exascale-Class Problem 

GW represents the intersection of worst-case scaling, memory intensity, and communication, making it an  
ideal stress test for exascale computing.

Why GW Is Computationally Extreme 

• Unfavourable scaling 

◦ Typical cost in system size.  

• Dense linear algebra + global FFTs 

◦ Heavy all-to-all communication 

• Memory pressure 

◦ Tens to hundreds of TB for realistic systems 

• Limited algorithmic shortcuts 

◦ Accuracy depends on explicitly resolving unoccupied states, BZ integration
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GW: an exascale-Class Problem 

GW represents the intersection of worst-case scaling, memory intensity, and communication, making it an  
ideal stress test for exascale computing.

Why GW Is Computationally Extreme 

• Unfavourable scaling 

◦ Typical cost in system size.  

• Dense linear algebra + global FFTs 

◦ Heavy all-to-all communication 

• Memory pressure 

◦ Tens to hundreds of TB for realistic systems 

• Limited algorithmic shortcuts 

◦ Accuracy depends on explicitly resolving unoccupied states, BZ integration

Advancing Quantum Many-Body GW Calculations on Exascale Supercomputing Platforms (BerkeleyGW) 
ACM Gordon Bell Prize Finalist (2025)  B.Zhang et al.  arXiv:2509.23018 (2025) 

• GW calculation of a 17000 atom system  

• many-body GW calculations achieving O(1) exaFLOP/s with strong scaling to full machines. (Frontiers, Aurora) 

• Strong scaling to ~10⁵ GPUs (Frontier) 

• Makes predictive excited-state simulations feasible at material sizes previously unreachable by GW.

Ab-initio Quantum Transport with the GW Approximation, 42,240 Atoms, and Sustained Exascale Performance 
ACM Honorable Mention  (2025)  N. Vetsch  et al. https://doi.org/10.1145/3712285.377178  (2025)

https://arxiv.org/abs/2509.23018
https://doi.org/10.1145/3712285.377178
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The Yambo code



Online Computational Spectroscopy: Hands-on Many Body Calculation with the Yambo code. 5-7 May 2026  

 	
https://www.yambo-code.eu

A. Marini, C. Hogan, M. Gruning, D. Varsano, Comp. Phys. Comm. 180, 1392 (2009)	
D. Sangalli, et al,  J. Phys.: Condens. Matter. 31, 325902 (2019)

• Implements many-body methods (post-DFT) for finite and extended systems	
• eg: quasiparticle energies (GW), optical absorption (BSE), spectroscopies	
• plane wave basis set and pseudopotentials	
• Natively interfaced to Quantum ESPRESSO and Abinit

Varykhalov et al, PRX 2, 041017 (2012)

BSE

The Yambo code

https://github.com/yambo-code
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Ab initio many-body perturbation theory (MBPT)
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hBN

MoS2

Layered materials 
excitons and quasiparticles

Graphene

Many Body technique for spectroscopy:



Online Computational Spectroscopy: Hands-on Many Body Calculation with the Yambo code. 5-7 May 2026  

hBN

MoS2

Layered materials 
excitons and quasiparticles

Graphene

Photoemission/quasiparticles

MoS2 GW 
band 	

structure

Ataei, Varsano, Molinari, Rontani PNAS (2021)

Many Body technique for spectroscopy:
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hBN

MoS2

Layered materials 
excitons and quasiparticles

Graphene

Photoemission/quasiparticles

EELS/IXS

MoS2 GW 
band 	

structure

EELS free-standing	
graphene

Guandalini, Varsano, 
Ferretti…Nano Lett. (2023)

Ataei, Varsano, Molinari, Rontani PNAS (2021)

Many Body technique for spectroscopy:
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Graphene

Photoemission/quasiparticles

EELS/IXS

MoS2 GW 
band 	

structure

EELS free-standing	
graphene

Optical absorption: Excitons

Bonacci et al PRM (2022) 

Ataei, Varsano, Molinari, Rontani PNAS (2021)

Guandalini, Varsano, 
Ferretti…Nano Lett. (2023)

Many Body technique for spectroscopy:
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hBN

MoS2

Layered materials 
excitons and quasiparticles

Graphene

Photoemission/quasiparticles

EELS/IXS

MoS2 GW 
band 	

structure

EELS free-standing	
graphene

Optical absorption: Excitons
Phonon-assisted luminescence

Ataei, Varsano, Molinari, Rontani PNAS (2021)

Guandalini, Varsano, 
Ferretti…Nano Lett. (2023)

Bonacci et al PRM (2022) 

Zanfrognini, Paleari, Molinari, Varsano …PRL 
(2023)

Many Body technique for spectroscopy:
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hBN

MoS2

Layered materials 
excitons and quasiparticles

Graphene

Photoemission/quasiparticles

EELS/IXS

MoS2 GW 
band 	

structure

EELS free-standing	
graphene

Optical absorption: Excitons
Phonon-assisted luminescence

High-harmonic generation

PRB 89, 081102(R) (2014)

Ataei, Varsano, Molinari, Rontani PNAS (2021)

Guandalini, Varsano, 
Ferretti…Nano Lett. (2023)

Bonacci et al PRM (2022) 

Zanfrognini, Paleari, Molinari, Varsano …PRL 
(2023) See P2.36: Fulvio Paleari

Many Body technique for spectroscopy:
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hBN

MoS2

Layered materials 
excitons and quasiparticles

Graphene

Photoemission/quasiparticles

EELS/IXS

MoS2 GW 
band 	

structure

EELS free-standing	
graphene

Optical absorption: Excitons
Phonon-assisted luminescence

High-harmonic generation

PRB 89, 081102(R) (2014)
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PRM 5, 083803 (2021) Ataei, Varsano, Molinari, Rontani PNAS (2021)

Guandalini, Varsano, 
Ferretti…Nano Lett. (2023)

Bonacci et al PRM (2022) 

Zanfrognini, Paleari, Molinari, Varsano …PRL 
(2023) See P2.36: Fulvio Paleari

Many Body technique for spectroscopy:
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A Molina-Sánchez, D Sangalli, L Wirtz, A Marini

Nano Letters 17, 4549 (2017)

Torun, Miranda, Molina-Sánchez, Wirtz

Phys. Rev. B 97, 245427 (2018)

D. Varsano, M. Palummo, E. Molinari, M. Rontani

Nature Nanotech 15, 367 (2020)M. Palummo, E. Berrio, D. Varsano, G. Giorgi,

ACS Energy Lett. 5,  457 (2020)

Example of applications

2D materials and heterostructures
Nanostructures

hybrid organic inorganic

halide Perovskites

D. Varsano, D. Sangalli, et al.,

Nature Comm. 8, 1461 (2017)

A Molina-Sánchez et al. Nano Lett. (2017) 

Which systems you can deal with:

L. Chiodo et al. Phys. Rev. B (2010)

A Molina-Sánchez, D Sangalli, L Wirtz, A Marini

Nano Letters 17, 4549 (2017)

Torun, Miranda, Molina-Sánchez, Wirtz

Phys. Rev. B 97, 245427 (2018)

D. Varsano, M. Palummo, E. Molinari, M. Rontani

Nature Nanotech 15, 367 (2020)M. Palummo, E. Berrio, D. Varsano, G. Giorgi,

ACS Energy Lett. 5,  457 (2020)

Example of applications

2D materials and heterostructures
Nanostructures

hybrid organic inorganic

halide Perovskites

D. Varsano, D. Sangalli, et al.,

Nature Comm. 8, 1461 (2017)

M. Palummo et al. ACS Energy Letter (2020) M. Atambo et al. Phys. Rev. Mat (2019)

A Molina-Sánchez, D Sangalli, L Wirtz, A Marini

Nano Letters 17, 4549 (2017)

Torun, Miranda, Molina-Sánchez, Wirtz

Phys. Rev. B 97, 245427 (2018)

D. Varsano, M. Palummo, E. Molinari, M. Rontani

Nature Nanotech 15, 367 (2020)M. Palummo, E. Berrio, D. Varsano, G. Giorgi,

ACS Energy Lett. 5,  457 (2020)

Example of applications

2D materials and heterostructures
Nanostructures

hybrid organic inorganic

halide Perovskites

D. Varsano, D. Sangalli, et al.,

Nature Comm. 8, 1461 (2017)

C. Attaccalite et a, Phys. Rev. B 95, 125403  (2017)

D. Varsano, D. Sangalli et al. Nature Comm. 8, 1461 
(2017)

MOFs

A. Rajan et al J. Phys. Chem. Lett. (2021)
M. Palummo et al J. Chem. Phys. (2009)

D. Varsano et al. J. Phys. Condens. Matter  (2017)
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Yambo Impact

A. Marini, C. Hogan, M. Gruning, D. Varsano, Comp. Phys. Comm. 180, 1392 (2009)	
D. Sangalli, et al,  J. Phys.: Condens. Matter. 31, 325902 (2019)

About 2000 citations 
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The Yambo code:
Ported in most of EuroHPC machines:

Yambo SPACK recipes updated to support NVIDIA GPU 
systems 

Yambo already validated and/or deployed on several 
EuroHPC machines, including: 

Leonardo  (booster + DCGP) 
LUMI-G, LUMI-C 
Karolina 
Meluxina 
Vega 

Most architectures relevant to EuroHPC covered, including 
INTEL, AMD host CPU 
NVIDIA, AMD, INTEL GPUs 
ARM-based hosts (eg Graviton 3) 
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Quasiparticle correction of 	
 Graphene / Cobalt interface 
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Colombia 2024

Rome 2023

Modena 2025

2024
- Workshop on High Performance Computing for Materials Characterization, Design and 

Discovery Barranquilla (Colombia) 

- MAX@ENCCS school 

- Yambo@Aiida plugin school

2023
- Asesma 2023 Kigali (Rwanda) 

- Yambo 2023 Rome (Italy) 

- Rasesma 2023 Nairobi (Kenya)

Collaboration with renowned institutions  
and competence centres.

2025
- Modena (Italy) May 2025

2026
- Kobe (Japan) Jan 2026

Project: 101093374 — MAX — HORIZON-EUROHPC-JU-2021-COE-01 

 

 

 
 

Table 5.2: Contribution of MaX people to training events for a new generation of developers. 

 

T5.2 Events and actions dedicated to supporting and expanding the users base of MaX codes  

Task 5.2 focuses on providing advanced training opportunities for both academic and industrial users 

active in the field of computational materials science. Its main objective is to expand the community of 

skilled scientists capable of efficiently using the MaX flagship codes on (pre-)exascale high-performance 

computing (HPC) systems across the European Union. The task adopts a comprehensive training strategy 

that combines traditional and modern educational approaches, with a particular emphasis on improving 

access for early-career researchers and small-to-medium enterprises. Through these efforts, Task 5.2 

contributes to building a diverse and capable group of professionals ready to harness state-of-the-art 

computational tools to advance materials science research. Activities under this task include the 

organisation of schools and hands-on training sessions on MaX codes, participation in external courses 

and events, and the hosting of researchers in MaX laboratories following a training-through-research 

model. 

 

    
Figure 5.7: Photos from “Many-Body Perturbation Theory and Excited-State Simulations” school, 19-23/05/2025 Modena (left). 

Advanced Siesta Workshop 2025, 02-05/06/2025 Barcelona (right). 
 

 

Dates Event People Partner/Code 

29/01/2024–02/02/20 Virtual Winter School in L. Genovese CEA/BigDFT 

22 https://siesta-project.org/siesta/events/Advanced_SIESTA_Workshop-2025/ 
71 

Date Event People Partner 

02-05/06/2025 Advanced SIESTA 
Workshop 202522 

J. Escartin, F. Pedron, A. 
Garcia 

ICN2, CSIC 

01/01/2024-30/06/2025 Hosting of 21 
researchers for the 

development of new 
features in MaX codes  

E. Molinari, D. Varsano, 
A. Ferretti, F. Paleari, D. 
Sangalli, N. Spallanzani 

(hosts at CNR), S. 
Bluegel (host at FZJ), L. 

Genovese (host at 
CEA), S. Baroni (host at 
SISSA), and P. Ordejon 

(host at ICN2) 

CNR, SISSA, CEA, FZJ, 
ICN2 
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Many-Body Perturbation Theory and Excited-State Simulations
What you will learn:

MBPT Theoretical Foundation:	
Linear Response	
GW approximation	
Absorption spectroscopy and Bethe Salpeter Equation

Learning Objectives:

How to obtain meaningful results	
Awareness of the used approximations	
Main algorithms	
Accuracy and limitations of the methods	
Performance and best practices	
Automations and post processing

How MBPT can be useful for your own research:

Don’t hesitate to ask questions: after the lectures, and during hands-on sessions



Materials Science from First Principles, November 3–7 Sorbonne University, Paris, France

Program:
Day 1 :

Hands on:

Practical Sessions with Yambo: First steps: a walk through from DFT to optical properties
Practical Sessions with Yambo: A tour into the GW approximation 

C. Cardoso: Linear Response Theory

Day 2 :
A. Ferretti: Many Body Perturbation Theory and the GW approximation

Day 3 :

G. Sesti : GW in production: algorithms and approximations
N. Spallanzani : Parallel strategies and GPU porting

F. Paleari : The Bethe-Salpeter equation and BSE solvers

L. Riha/F. Vaverka :

Practical Sessions with Yambo: Optical absorption and Exciton Analysis

D. Varsano: Yambo & MBPT 
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Take Home Messages:

• Density Functional Theory (DFT) is the workhorse for ground-state electronic structure 
calculations, enabling accurate predictions of structural and total-energy properties. 

• DFT is not a theory of excited states: Kohn–Sham eigenvalues generally lack a rigorous 
interpretation for spectroscopic quantities. 

• Many-Body Perturbation Theory (MBPT)—most commonly within the GW and Bethe–
Salpeter Equation (BSE) frameworks—provides an accurate description of electronic and optical 
excitations. 

• In MBPT, the one-particle Green’s function is the central object, yielding quasiparticle 
energies and lifetimes directly comparable to spectroscopy. 

• Quasiparticle energies are obtained by solving a nonlinear equation involving the self-energy 
Σ(ω), a non-local and dynamical potential, usually approximated as GW.
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Take Home Messages:

• MBPT calculations are significantly more computationally demanding than DFT, typically 
restricting applications to systems about one order of magnitude smaller. 

• Today, MBPT (G0W0)  is feasible for medium-size systems, thanks to scalable algorithms and 
HPC architectures, including hybrid CPU/GPU platforms; exascale computing is a game-
changer.

DFT tells us where the electrons “are"; MBPT tells us how they are observed.



Online Computational Spectroscopy: Hands-on Many Body Calculation with the Yambo code. 5-7 May 2026  

Useful Links:

https://wiki.yambo-code.eu

Instruction for the tutorials

https://yambo-code.eu/forum

https://yambo-code.github.io/yambo-wiki/

https://yamboschools.slack.com/archives/C0B2GUHL5C0
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Suggested reading:

Seminal papers:
L. Hedin Phys. Rev. A  139, A796 (1965)	
L. Hedin, S. Lundqvist . in Solid State Physics, 23, 1–181 (1970)
Reviews:
Aryasetiawan F., Gunnarsson O. The GW method. Rep. Prog. Phys. 61:237 (1998)
Aulbur W. G., Jö nsson L., Wilkins J. W. in Solid State Physics, Vol. 54, 1–218 (2000)
D. Golze, M.  Dvorak, and P. Rinke Front Chem. 2019; 7: 377.
Reining, L, WIREs Comput Mol Sci, 8: e1344. (2018)

Yambo code implementation:

D. Sangalli et al. J. Phys.: Condens. Matter 31 325902 (2019) 
A. Marini, C. Hogan, M. Gruning and D. Varsano Comp. Phys. Comm. 180, 1293 (2009)

R. Martin, L. Reining, D. Ceperley  
Cambridge University Press
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