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Computational Spectroscopy:
Hands-on Many-Body Calculations

with the Yambo Code
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3] oNLINE

RIVING
HE EXASCALE

RANSITION

YaMbo &

Online Computational Spectroscopy: Hands-on Many Body Calculation with the Yambo code. 5-7 May 2026
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The MaX Centre of Excellence

Computational Materials Science: Historical Background

Basic concepts of Many Body Perturbation Theory

Overview of The Yambo code

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

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

the exascale challenge T
in high performance computing S EUuroHPC
© 1018 Flops/s
¢ 1018 Bytes
o abrupt technology changes
¢ action is needed for full

exploitation
¢ heterogeneous machines '

(multiple HW and SW stacks) Jupiter: > 1 ExaFlops MareNostrum V: Atos + NVIDIA
US DOE H100 => 208 PFlops (estimated)

OAk p
%MJM%

Y
=2

Y) ENEF GY

P RN HER

Ente rprise
AMD 21

. LEONARDO

Frontier (@QORNL): HDE+AMD Leonardo: Atos + NVIDIA A100 LUMI: CRAY + AMD cards
=> 1194 PFlops (CUDA backend) => 239 PFlops (ROCm, HIP) => 309 PFlops



ab initio materials modelling

quantum mechanics based

Electronic Structure Methods

u atomistic modeIJIrlng of materials W e highly accurate (predictive)
i terfac h multiscal 3 ¢ computationally demanding
it | © acase for HPC

Higher accuracy

High throughput

screenin
7 Improved modelling

(complexity)
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exascale opportunity: complexity

© Graphene / Transition Metal / Ir (111)
moire superstructure —— Gr/1 ML Co/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

ARPES

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

E (eV)

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)
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exascale opportunity: high throughput screening |Y%)4

Computational Molecules most likely
cost to be of interest

G. Prandini, G.M. Rignanese, and N.
Marzari, npi Computational

Materials 5, 129 (2019)



DRIVING
THE EXASCALE
TRANSITION

exascale opportunity: high throughput screening

nature e 208 VoL 02
nanotechnology

Computational quest for 2D materials

ENVIRONMENTAL NANOTECHNOLOGY
Interacting with the community

ACHROMATIC METALENSES
Visible images

NEUROMODULATION
Wireless excitement

Computational Molecules most likely
cost to be of interest

G. Prandini, G.M. Rignanese, and N.
Marzari, npi Computational

Materials 5, 129 (2019) 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)
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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

s|esta

www.flapw.de

leur o5 AlIDA
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© widely used open source,

AA _Blg community codes in electronic

D structure

Physiology and Medicine

Biochemistry,

S I e S ta Maths and Universe B':;‘:::'::;'Mc: :::jnl:fe
Comp.Sciences Sciences

Earth System

\/ A1  Sciences
- \ \ _ \
Y allb 0 &

Fundamental
Constituents
of Matter

SAIDA

SELECTED ACTIVITIES

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

@ All MaX flagship codes released for
production with GPU support

« Design, of exascale workflows for selected
scientific grand challenges

© hardware-software codesign vehicles
¢ energy-efficiency of codes

© large effort on education and training:

hands-on schools and hackathons
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Lhumos Platform: Learning Hub for Modeling and Simulation Lhumos

umos @ Spaces

MARVEL MAX
e P MAX

Y7, r o= A f
ANt ,
Fostering computational science for MARVEL targets the accelerated design % MaX (MAterials design at the eXascale) is |
societal progress and discovery of novel materials, via a y a European Centre of Excellence which ||

materials’ informatics platform of enables materials modelling, ‘ J
database-driven high-throughput simulations, discovery and design at the
quantum simulations. frontiers of the current and future High A

J Performance Computing (HPC), High A
’ Throughput Computing (HTC) and data
"é - . ‘
J# analytics technologies. N

Mujfy{scale MultiXscale & DOME 40 =
=

P L A ©

\, MultiXscale is a EuroHPC JU Centre of DOME 4.0 intends to offer an intelligent
Excellence in multiscale modelling. It is a semantic industrial data ecosystem for
collaborative 4-year project between the knowledge creation across the entire
CECAM network and EESSI that will allow materials to manufacturing value chains.
domain scientists to take advantage of
the computational resources that will be W e D i e BT

offered by EuroHPC. Pt Commin bl no B e A0

FLT— T

this is a public space to showcase new

features about the Lhumos training
portal
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Lhumos Platform: Learning Hub for Modeling and Simulation

umos @ Spaces

Fostering computational science for
societal progress

Mufrfscale MultiXscale

e S

\\ MultiXscale is a EuroHPC JU Centre of
Excellence in multiscale modelling. It is a
collaborative 4-year project between the
CECAM network and EESSI that will allow
domain scientists to take advantage of
the computational resources that will be
offered by EuroHPC.

L
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Lhumos

this is a public space to showcase new
features about the Lhumos training
portal

()

MARVEL MARVEL

OCo0e

MARVEL targets the accelerated design
and discovery of novel materials, via a
materials’ informatics platform of
database-driven high-throughput
quantum simulations.

DOME 4.0 intends to offer an intelligent
semantic industrial data ecosystem for
knowledge creation across the entire
materials to manufacturing value chains. ﬁ
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% MaX (MAterials design at the eXascale) is |

a European Centre of Excellence which
enables materials modelling,

simulations, discovery and design at the
frontiers of the current and future High

| Performance Computing (HPC), High
..,z! Throughput Computing (HTC) and data
I

analytics technologies.
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MAX MAX

MAX MAX o w4
MaX (MAterials design at the eXascale) is a European Centre of Excellence which enables ;) | = PN LAY .71
e R e e S U ¥ 7 et )) /
// MaX (MAterials design at the eXascale) is |
a European Centre of Excellence which j
enables materials modelling, | )
simulations, discovery and design at the
1 . . frontiers of the current and future High A
P e . | :l. Performance Computing (HPC), High ~ §

e " 1 Throughput Computing (HTC) and data ]
analytics technologies.

MAX Webinars

/

Quantum ESPRESSO schools

Video recordings and educational material from past schools on Quantum ESPRESSO.

YAMBO SCHOOL Vv

The aim of this school is to equip students with the essential knowledge, practical skills and computational tools needed to tackle today’s
novel and challenging problems in materials science and non-equilibrium physics. During the school the students will be introduced to
many-body perturbation theory (MBPT) approaches, including advanced concepts, for modelling non-equilibrium phenomena from first
principles. The main topics covered include the GW approximation for quasiparticle corrections and the Bethe-Salpeter Equation (BSE) for
excitons, with a focus on recent developments in the YAMBO code. Furthermore, we will introduce the specific usage of the code in
massively parallel environments equipped with modern accelerated video cards (GPUs).

Talks introducing FLEUR 22 E SIESTA school 2021 1 E
Here you find a collection of talks used in the Online Hands-on Playlist with some of the lectures of the online school "First-
tutorial 2021 to introduce FLEUR MaXR5.1. In most cases pdf-files principles simulations of materials with SIESTA2 (28th June - 2nd
of the transparencies are also provided. July 2021). For the complete list of lectures (including some that

are not part of this channel) please see https://siesta-
project.org/siesta/events/SIESTA_School-2021/Lectures.html

1 2 3 1 2 3

LDA+U in FLEUR FLEUR on GPU Hybrid Some internals Some internals The
(WS2021) (wS2021) Functionals in of the SIESTA of the SIESTA pseudopotential
FLEUR (WS2021) >) method (part 1) method (part 2) concept >)

AiiDA and Materials Cloud tutorials

This section contains a list of AiiDA and Materials Cloud tutorials.

Efficient materials modelling on HPC 4 E

Title: Efficient materials modelling on HPC with QUANTUM ESPRESSO, Yambo and BigDFT Description: Nowadays, state-of-the-art electronic
structure codes based on modern density functional theory (DFT) methods allow treating realistic molecular systems with a very high
accuracy. However, due to the increased complexity of the codes, some extra skills are required from users in order to fully exploit their
potential. This workshop will give a broad overview of important fundamental concepts for mo

1 2 3

Efficient materials modelling on HPC with Efficient materials modelling on HPC with Efficient materials modelling on HPC with
QUANTUM ESPRESSO, Yambo and BigDFT Yambo QUANTUM ESPRESSO II

DRIVING
THE EXASCALE

TRANSITION
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MaX

MaX (MAterials design at the eXascale) is a European Centre of Excellence which enables materials modelling,
simulations, discovery and design at the frontiers of the current and future High Performance Computing (HPC),
High Throughput Computing (HTC) and data analytics technologies.

MAX Webinars 6 il

1 2 3

MaX Webinar on "How to use Quantum Managing simplifying and disseminating Quasiparticle Band Structures and
ESPRESSO on new GPU based HPC HTC Mater. Sci. w/AiiDA, AiiDAlab and the Excitons in Novel Materials using the
systems” Yambo Co

Quantum ESPRESSO schools

Video recordings and educational material from past schools on Quantum ESPRESSO.

YAMBO SCHOOL Vv

The aim of this school is to equip students with the essential knowledge, practical skills and computational tools needed to tackle today’s
novel and challenging problems in materials science and non-equilibrium physics. During the school the students will be introduced to
many-body perturbation theory (MBPT) approaches, including advanced concepts, for modelling non-equilibrium phenomena from first
principles. The main topics covered include the GW approximation for quasiparticle corrections and the Bethe-Salpeter Equation (BSE) for
excitons, with a focus on recent developments in the YAMBO code. Furthermore, we will introduce the specific usage of the code in
massively parallel environments equipped with modern accelerated video cards (GPUs).

Talks introducing FLEUR 22 E SIESTA school 2021 1 E

Here you find a collection of talks used in the Online Hands-on Playlist with some of the lectures of the online school "First-

tutorial 2021 to introduce FLEUR MaXR5.1. In most cases pdf-files principles simulations of materials with SIESTA2 (28th June - 2nd

of the transparencies are also provided. July 2021). For the complete list of lectures (including some that
are not part of this channel) please see https://siesta-
project.org/siesta/events/SIESTA_School-2021/Lectures.html

1 2 3 1 2 3

LDA+U in FLEUR FLEUR on GPU Hybrid Some internals Some internals The
(WS2021) (WS2021) Functionals in of the SIESTA of the SIESTA pseudopotential
FLEUR (WS2021) >) method (part 1) method (part 2) concept ©

AiiDA and Materials Cloud tutorials

This section contains a list of AiiDA and Materials Cloud tutorials.

Efficient materials modelling on HPC 4 E

Title: Efficient materials modelling on HPC with QUANTUM ESPRESSO, Yambo and BigDFT Description: Nowadays, state-of-the-art electronic
structure codes based on modern density functional theory (DFT) methods allow treating realistic molecular systems with a very high
accuracy. However, due to the increased complexity of the codes, some extra skills are required from users in order to fully exploit their
potential. This workshop will give a broad overview of important fundamental concepts for mo

1 2 3

Efficient materials modelling on HPC with Efficient materials modelling on HPC with Efficient materials modelling on HPC with
QUANTUM ESPRESSO, Yambo and BigDFT Yambo QUANTUM ESPRESSO II
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MaX

MaX (MAterials design at the eXascale) is a European Centre of Excellence which enables materials modelling,
simulations, discovery and design at the frontiers of the current and future High Performance Computing (HPC),
High Throughput Computing (HTC) and data analytics technologies.

MAX Webinars 6 il

1 2 3

MaX Webinar on "How to use Quantum Managing simplifying and disseminating Quasiparticle Band Structures and
ESPRESSO on new GPU based HPC HTC Mater. Sci. w/AiiDA, AiiDAlab and the Excitons in Novel Materials using the
systems” Yambo Co

Quantum ESPRESSO schools

Video recordings and educational material from past schools on Quantum ESPRESSO.

YAMBO SCHOOL Vv

The aim of this school is to equip students with the essential knowledge, practical skills and computational tools needed to tackle today’s
novel and challenging problems in materials science and non-equilibrium physics. During the school the students will be introduced to
many-body perturbation theory (MBPT) approaches, including advanced concepts, for modelling non-equilibrium phenomena from first
principles. The main topics covered include the GW approximation for quasiparticle corrections and the Bethe-Salpeter Equation (BSE) for
excitons, with a focus on recent developments in the YAMBO code. Furthermore, we will introduce the specific usage of the code in
massively parallel environments equipped with modern accelerated video cards (GPUs).

Talks introducing FLEUR 22 E SIESTA school 2021 1 E

Here you find a collection of talks used in the Online Hands-on Playlist with some of the lectures of the online school "First-

tutorial 2021 to introduce FLEUR MaXR5.1. In most cases pdf-files principles simulations of materials with SIESTA2 (28th June - 2nd

of the transparencies are also provided. July 2021). For the complete list of lectures (including some that
are not part of this channel) please see https://siesta-
project.org/siesta/events/SIESTA_School-2021/Lectures.html

1 2 3 1 2 3

LDA+U in FLEUR FLEUR on GPU Hybrid Some internals Some internals The
(WS2021) (WS2021) Functionals in of the SIESTA of the SIESTA pseudopotential
FLEUR (WS2021) >) method (part 1) method (part 2) concept ©

AiiDA and Materials Cloud tutorials

This section contains a list of AiiDA and Materials Cloud tutorials.

Efficient materials modelling on HPC 4 E

Title: Efficient materials modelling on HPC with QUANTUM ESPRESSO, Yambo and BigDFT Description: Nowadays, state-of-the-art electronic
structure codes based on modern density functional theory (DFT) methods allow treating realistic molecular systems with a very high
accuracy. However, due to the increased complexity of the codes, some extra skills are required from users in order to fully exploit their
potential. This workshop will give a broad overview of important fundamental concepts for mo

1 2 3

Efficient materials modelling on HPC with Efficient materials modelling on HPC with Efficient materials modelling on HPC with
QUANTUM ESPRESSO, Yambo and BigDFT Yambo QUANTUM ESPRESSO Il
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Efficient materials modelling on HPC with
QUANTUM ESPRESSO, Yambo and BigDFT

Lhumos Platform

<

MaX

MaX (MAterials design at the eXascale) is a European Centre of Excellence which enables materials modelling,
simulations, discovery and design at the frontiers of the current and future High Performance Computing (HPC), Spaces-> MAX-> Efficient materials modelling on HPC with QUANTUM ESPRESSO, Yambo anc
High Throughput Computing (HTC) and data analytics technologies.

g on HPC with
QUANTUM ESPRESSO, Yambo and BigDFT

DRIVING
P LM A X
MAX Webinars —
1 2 3 .—I'
MaX Webinar on "How to use Quantum Managing simplifying and disseminating Quasiparticle Band Structures and Efficient materials modelling on HPC with

ESPRESSO on new GPU based HPC HTC Mater. Sci. w/AiiDA, AiiDAlab and the Excitons in Novel Materials using the £
L u r()( C National Competence Centre Swe Yambo

<) systems” Yambo Co

Efficient terial delli HPC with
DRIVING icert materials moeling on PG wi

Quantum ESPRESSO schools T H E E >< A S C A I_ E

Video recordings and educational material from past schools on Quantum ESPRESSO. “m
TRANSITION AN AY

YAMBO SCHOOL vV
The aim of this school is to equip students with the essential knowledge, practical skills and computational tools needed to tackle today’s Effi C i e n t m ate ri a I s m Od e I I i ng 0 n H P C w i th

novel and challenging problems in materials science and non-equilibrium physics. During the school the students will be introduced to

many-body perturbation theory (MBPT) approaches, including advanced concepts, for modelling non-equilibrium phenomena from first b d .

principles. The main topics covered include the GW approximation for quasiparticle corrections and the Bethe-Salpeter Equation (BSE) for Q U A N T U M E S P R E S S O ’ Ya m 0 a n B lgD FT

excitons, with a focus on recent developments in the YAMBO code. Furthermore, we will introduce the specific usage of the code in »

massively parallel environments equipped with modern accelerated video cards (GPUs). E"ccs-BIgDF T-
LG.pdf

14-17 November 2022

Talks introducing FLEUR 22 E SIESTA school 2021 1 E

Here you find a collection of talks used in the Online Hands-on Playlist with some of the lectures of the online school "First-
tutorial 2021 to introduce FLEUR MaXR5.1. In most cases pdf-files principles simulations of materials with SIESTA2 (28th June - 2nd 1x
of the transparencies are also provided. July 2021). For the complete list of lectures (including some that -2:4713
are not part of this channel) please see https://siesta-
project.org/siesta/events/SIESTA_School-2021/Lectures.html ENCCS-
LSBIGDFT-

| s igi i j =+-BIq (i d Daubechies wavelets £ 3G tam o d A brief description of wavelet theory

A Multi-Resolution real space basis

1 2 3 1 2 3
All fu "\ r ct ort, centered «

LDA+U in FLEUR FLEUR on GPU Hybrid Some internals Some internals The A st gt e caste it <panding ocalised information L pRant R xhmadakmbepte bl i & Fr ¥
(WS2021) (WS2021) Functionals in of the SIESTA of the SIESTA pseudopotential licnliad ‘ 3 — using Lmear Cah“g B'gD
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AiiDA and Materials Cloud tutorials
BigDFT is an open source density functional theory code which uses a Daubechies wavelet basis set which facilitates optimal features of fiexibility, performance and precision. In addition to

This section contains a list of AiiDA and Materials Cloud tutorials. . . . . . . . . . . L.
the traditional cubic-scaling DFT approach, BigDFT also contains an approach which scales linearly with the number of atoms, enabling DFT calculations of large systems containing many

thousands of atoms which were impractical to simulate even very recently. BigDFT consists of a package suite with a wide variety of features, from ground-state quantities to excited state

guantities based on time-dependent DFT and constrained DFT, to potential energy surface exploration techniques. It uses dual space Gaussian type norm-conserving pseudopotentials

including those with non-linear core corrections, which have proven to deliver all-electron precision. Its fiexible Poisson solver can handle a number of different boundary conditions

Title: Efficient materials modelling on HPC with QUANTUM ESPRESSO, Yambo and BigDFT Description: Nowadays, state-of-the-art electronic includina free. wire. surface. and fullv periodic. while it is also possible to simulate implicit solvents as well as external electric fields. Finallv. BiaDFT has been desianed to exploit HPC from

structure codes based on modern density functional theory (DFT) methods allow treating realistic molecular systems with a very high

accuracy. However, due to the increased complexity of the codes, some extra skills are required from users in order to fully exploit their
potential. This workshop will give a broad overview of important fundamental concepts for mo

Efficient materials modelling on HPC 4 B

1 2 3

Efficient materials modelling on HPC with Efficient materials modelling on HPC with Efficient materials modelling on HPC with
QUANTUM ESPRESSO, Yambo and BigDFT Yambo QUANTUM ESPRESSO II
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MaX

MaX (MAterials design at the eXascale) is a European Centre of Excellence which enables materials modelling,
simulations, discovery and design at the frontiers of the current and future High Performance Computing (HPC), Spaces-> MAX-> Efficient materials modelling on HPC with QUANTUM ESPRESSO, Yambo anc
High Throughput Computing (HTC) and data analytics technologies.

'I
MAX Webinars
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MaX Webinar on "How to use Quantum Managing simplifying and disseminating Quasiparticle Band Structures and

ESPRESSO on new GPU based HPC HTC Mater. Sci. w/AiiDA, AiiDAlab and the Excitons in Novel Materials using the £
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Quantum ESPRESSO schools

Video recordings and educational material from past schools on Quantum ESPRESSO. T H E E >< A S C A L E
TRANSITION

YAMBO SCHOOL vV
The aim of this school is to equip students with the essential knowledge, practical skills and computational tools needed to tackle today’s Effi C i e n t m ate ri a I s m Od e I I i ng 0 n H P C w i th

novel and challenging problems in materials science and non-equilibrium physics. During the school the students will be introduced to

many-body perturbation theory (MBPT) approaches, including advanced concepts, for modelling non-equilibrium phenomena from first b d .

principles. The main topics covered include the GW approximation for quasiparticle corrections and the Bethe-Salpeter Equation (BSE) for Q U A N T U M E S P R E S S O ’ Ya m 0 a n B lgD FT
excitons, with a focus on recent developments in the YAMBO code. Furthermore, we will introduce the specific usage of the code in

massively parallel environments equipped with modern accelerated video cards (GPUs).

14-17 November 2022

Talks introducing FLEUR 22 E SIESTA school 2021 1 E

Here you find a collection of talks used in the Online Hands-on Playlist with some of the lectures of the online school "First-
tutorial 2021 to introduce FLEUR MaXR5.1. In most cases pdf-files principles simulations of materials with SIESTA2 (28th June - 2nd 1x
of the transparencies are also provided. July 2021). For the complete list of lectures (including some that -2:4713

are not part of this channel) please see https://siesta-

project.org/siesta/events/SIESTA_School-2021/Lectures.html

[ — igi i j =+-BIq (i d Daubechies wavelets e L d A brief description of wavelet theory b‘gs s B

1 2 3 1 2 3 A Multi-Resolution real space basis
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AiiDA and Materials Cloud tutorials
BigDFT is an open source density functional theory code which uses a Daubechies wavelet basis set which facilitates optimal features of fiexibility, performance and precision. In addition to

This section contains a list of AiiDA and Materials Cloud tutorials. . . . . . . . . . . L.
the traditional cubic-scaling DFT approach, BigDFT also contains an approach which scales linearly with the number of atoms, enabling DFT calculations of large systems containing many

thousands of atoms which were impractical to simulate even very recently. BigDFT consists of a package suite with a wide variety of features, from ground-state quantities to excited state

guantities based on time-dependent DFT and constrained DFT, to potential energy surface exploration techniques. It uses dual space Gaussian type norm-conserving pseudopotentials

including those with non-linear core corrections, which have proven to deliver all-electron precision. Its fiexible Poisson solver can handle a number of different boundary conditions

Title: Efficient materials modelling on HPC with QUANTUM ESPRESSO, Yambo and BigDFT Description: Nowadays, state-of-the-art electronic includina free. wire. surface. and fullv periodic. while it is also possible to simulate implicit solvents as well as external electric fields. Finallv. BiaDFT has been desianed to exploit HPC from

structure codes based on modern density functional theory (DFT) methods allow treating realistic molecular systems with a very high

accuracy. However, due to the increased complexity of the codes, some extra skills are required from users in order to fully exploit their
potential. This workshop will give a broad overview of important fundamental concepts for mo
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Computational Materials Science

Many Body Perturbation Theory:

motivation and basic concepts
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Realization of the “fourth paradigm” of science in materials science
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E. O. Pyzer-Knapp et al. npj Computational Materials 8, 84 (2022)
A. Agrawal, A. Choudhary APL Mater. 4, 053208 (2016)
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https://www.nature.com/npjcompumats

Computer meets theoretical physics

1208 LETTERS TO

relatively free diffusion, while in the low g(¢) states
diffusion is much restricted.

The conjecture! that some high-order virial coeflicients
might be negative is not necessarily supported by the
present results, since only to the left of the apparent
transition do the latter give lower pressures than the
five-term virial expression,

Some further investigation for both 32 molecule and
larger systems will be made on the present calculators,
but a satisfactory determination of the detailed behavior
in the apparent transition region will require higher
speed equipment. The possibility that a similar phe-
nomenon for hard spheres in two dimensions may have
been missed in the original Monte Carlo calculations!
will also be investigated.

* Work performed under the auspices of the U. S. Atomic
Energy Commission.

1 ;f’.\' . Rogenbluth and A. W. Rosenbluth, J. Chem. Phys, 22,
881 (1954).

2 Metropolis, Rosenbluth, Rosenbluth, Teller, and Teller, J.
Chem. Phys. 21, 1087 (1953).

3 R. J. Alder and T. Wainwright, J. Chem. Phys. 27, 1208 (1957).

4+ W. W, Wood and F. R. Parker, J. Chem. Phys. 27, 720 (1957).
This paper discusses the Monte Carlo method in some detail, as
well as giving computational results for Lennard-Jones molecules.

s Kirkwood, Maun, and Alder, J. Chem. Phys. 18, 1040 (1950).

Phase Transition for a Hard
Sphere System

B. J. Awoer Axo T. E. WAINWRIGHT
Usmiversity of Colifornia Radiation Leborotory, Livermare, California
(Received August 12, 1957)

CALCULATION of molecular dynamic motion

has been designed principally to study the re-
laxations accompanying various nonequilibrium phe-
nomena. The method consists of solving exactly (to the
number of significant figures carried) the simultaneous
classical equations of motion of several hundred par-
ticles by means of fast electronic computors, Some of the
details as they relate to hard spheres and to particles
having square well potentials of attraction have been
described.b? The method has been used also to calculate
equilibrium properties, particularly the equation of
state of hard spheres where differences with previous
Monte Carlo® results appeared.

The calculation treats a system of particles in a
rectangular box with periodic boundary conditions.*
Initially, the particles are in an ordered lattice with
velocities of equal magnitude but with random orienta-
tions. After a very short initial run* the system reached
the Maxwell-Boltzmann velocity distribution so that
the pressure could thereafter be evaluated directly by
means of the virial theorem, that is by the rate of change
of the momentum of the colliding particles.!* The
pressure has also been evaluated from the radial distri-
bution function.® Agreement between the two methods
is within the accuracy of the calculation.

THE EDITOR

A 32-particle system in a cube and initially in a face-
centered cubic lattice proceeded at about 300 collisions
an hour on the UNIVAC. For comparison a 96-particle
system in a rectangular box and initially in a hexagonal
arrangement has been calculated, however only at high
densities so far. No differences in the pressures can be
detected. Tt became apparent that some long runs were
necessary at intermediate densities, accordingly the
IBM-704 was utilized where, for 32 particles, an hour is
required for 7000 collisions. Larger systems of 108, 256,
and 500 particles can also conveniently be handled; in
an hour 2000, 1000, and 500 collisions, respectively, can
be calculated. The results for 256 and 500 particles are
not now presented due to inadequate statistics.

The equation of state shown in Fig. 1 of the ac-
companying paper® for 32 and 108 particles is for the
intermediate region of density, where disagreement was
found with the previous Monte Carlo results, The
volume, v, is given relative to the volume of close
packing, 1. Plotted also are the more extended Monte
Carlo results; the agreement between these three sys-
tems is within the present accuracy of the pressure
determination. This agreement provides an interesting
confirmation of the postulates of statistical mechanics
for this system.

Figure 1 of the accompanying paper shows two
separate and overlapping branches. In the overlapping
region the system can, at a given density, exist in two
states with considerably different pressures. As the
calculation proceeds the pressure is seen to jump sud-
denly from one level to the other. A study of the posi-
tions of the particles reveals that as long as the system
stays on the lower branch of the curve the particles are
all confined to the narrow region in space determined by
their neighbors, while on the upper branch of the curve
the particles have acquired enough freedom to exchange
with the surrounding particles. Since the spheres are
originally in ordered positions, the system starts out on
the lower branch ; the first jump to the upper branch can
require very many collisions. The trend, as expected, is
that at higher densities more collisions are necessary for
the first transition, however, there are large deviations,
At v/v,=1.60, 5000 collisions were required; at 1.55,
25 000; while at 1.54 only 400; at 1.535, 7000; at 1.53,
75 000; and at 1.525, 95 000. Runs in excess of 200 000
collisions at #/9s of 1.55 and 1.53 have not shown any
return to the lower branch, while at 1.525 the system has
returned several times, however only for relatively few
collisions. The lowest density at which the system did
not jump to the upper curve is at 1.50, however the run
extends only to 50 000 collisions and at that density it
might take very many collisions before the appropriate
fluctuation occurs for a molecule to escape from its
neighborhood. For comparison, the first jump for 108
particles occurred for v/v,=1.55 and 1.60 at about 2000
collisions. This is fewer collisions per particle than for
the smaller system and is indicative of larger possible
density fluctuations in larger systems. Apparently, the

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

Mary Ann Mansigh
(1932 — August 24, 2024)
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“The method consists of solving exactly
the simultaneous classical equation of
motion of several hundreds particles by
means of fast electronic computers”

Simulations of 32/108 hard spheres

/000 collisions per hour

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)
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|

2020s

IBM-704 Los Alamos 1957

~5000 Flops

~10°-10°% slower than a modern mobile phone
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The many body problem in Quantum Mechanics
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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 Q —

HY(r,ry,...1ry) = EWY(r, 1), ...1y) Y R | |
R

A R o~ 11 & e’ 1 e Zpe’ i
H = \Ve DA R n ¥ | _ ;
ey ?Z::l i T Areq 2 i j;ﬁﬁj Tt —1;|  Admeo 4= 4 |ri — Ry Hamiltonian of a System of N interacting electrons

Exact solutions of the many-electron Schrodinger 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

H\P(l’l, Fy, ... I"N) — E“P(l’l, Frs .. rN) L/ |

: T 11 & e? 1 = Zne’
H = 2.V 2 L2
2me 7 dmeg 2 it r; —r;| Ameo &~ [ri — Ry|

N6

Hamiltonian of a System of N interacting electrons "

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

Exponential wall: impossibility of exact treatment beyond ~20 electrons Exponential wall: time-to-solution for exact many-electron Schrodinger equation
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Number of electrons (N)

Assumes exact diagonalization using
an iterative solver, sparse
Hamiltonian, fixed iteration count,
and sustained 1 PFLOP/s
performance (highly optimistic).

6 8 10 12 14 16 18 20
Number of electrons (N)

“The fundamental laws necessary for the
mathematical treatment of a large part of
physics and the whole of chemistry are thus
ompletely known, and the difficulty is only that
the exact application of these laws leads to
quations 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 Schrodinger equation are prohibited by exponential scaling in both memory and time. It is not a merely technological issue.
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The many body problem in Quantum Mechanics

Empirical
Science

1stParadigm

Observations
Experimentation

Theoretical
Science

2"d Paradigm

Scientific laws
Physics, biology,
chemistry, etc

Computational
Science

3rd Paradigm

Simulations
Molecular dynamics
Mechanistic models

Nobel Prize in Chemistry 1998

Big Data-driven
Science

4™ Paradigm

Big data, machine learning
Patterns, anomalies
Visualization

Accelerated
Discovery

-~

Study
4
’

l

Accelerated \

m Scientific
Method
‘ etho l

Scientific knowledge at scale
Al generated hypotheses
Autonomous testing

1600s

195@s

2000s

2020s

- 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 &
2
HY(r, 1y, ...1y) = E®(r;, 1,y ... Ty) n(r) = NJ | (r(,..,ry) | 7dr,y. .dry

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 F,,(n) such that:

EVO[n] = Feln] + [d3rv0(r)n(r)

Ey = Evo[no] < Evo[n] Variational principle

Useless: F(n) is unknown: The theorems do not provide a way to calculate anything!
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Breaking the exponential wall: Kohn-Sham construction, making DFT practical - e

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.

e Kohn-Sham functional - rewriting the Hohenberg-Kohn functional Fu“y interacting

o Auxiliary system of independent particles system

2 ‘n' |
=1 _

By = Tip[n] + | drV, (r)n(r) + Ey,....\n] + E. [n] -
'C)' - () Non-
Equation for independent particle Exchange-Correlation O . .
soluble Functional — Exact formulation O O Intéracting
but unknown functional! O O Kohn-Sham
) B particles

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

Polynomial scaling ~ N’

2 - 104
Treats 102 - 10* electrons 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 e

Exs = Ty [n] + | drV, (rn(r) + Eygppeclnl + E 0]

Fully interacting =
Equation for independent particle Exchange-Correlation system o
soluble Functional — Exact formulation

but unknown functional!

In principle is exact

In practice it makes possibile useful approximation

Finding a good approximation for E_[n] requires information about the interacting C O
many-body problem O O Non-

O ® Interacting

Kohn-Sham
A new field of research — find useful, approximate E_.[n] functionals - O particles
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Exchange-Correlation Potential

How to find a [approximate] functional £ _[n] ?

Use a model where the exchange correlation energy can be calculated

Local Density Approximation (LDA):

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

EXLCDA[n] = r.n(r)ex?‘ﬂG(n(r))dr

e’ 5(n(r)) exchange—correlation energy per particle of the uniform electron gas

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

D. Ceperley and B. Alder Phys. Rev. Lett. 45, 566 (1980)
J. P. Perdew, A. Zunger Phys. Rev. B 23, 5048 (1981)

“1 7.5 kJ/mol, = 2. B2PLYPY
13 kJ/mol, .. M06-2X

94 +18.5kJ/mol -~ B3LYP

1} £22 kJ/mol. - = PBE

SVWN

Picture adapted from K. Rowell PhD thesis
See. J. Perdew and K. Schmidt AIP Conf. Proc. 577, 1 (2001)

modern deep learning-based XC functional
arXiv preprint arXiv:2506.14665
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Success of Density Functional Theory S«f“’
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see also: P. Haas et al. Phys. Rev, B. 79, 085104 (2009)

r K X r L X W L Dos

Giannozzi, P, S. de Gironcoli, P. Pavone, and S. Baroni,
Phys. Rev. B 43, 7231 (1991)
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Impact of Density Functional Theory
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Nature News 514, 550 (2014)

il

TOP TEN CITED PAPERS

Just 3 papers have more than 200,000 citations each, according to the Web of
Science database. All three cover biological laboratory techniques. This update to a
2014 list of most-cited articles shows that the top three papers remain unchanged.
But there have been shifts in the positions of others (triangles), and some additions
that were not on the previous list (orange stars). For alternative rankings from two
other databases, and a median ranking across all three, see Supplementary
information (go.nature.com/425g9dn).

355,968 citations

Protein measurement with the folin phenol reagent (1951)

259,187

Cleavage of structural proteins during the assembly of the head of bacteriophage T4 (1970)

N

242,864

A rapid and sensitive method for the quantitation of microgram quantities
of protein utilizing the principle of protein-dye binding (1976)

e>m

Generalized gradient approximation made simple (1996)

+5 (21) 148,626

Analysis of relative gene expression data using real-time quantitative PCR and the 27%%¢, method (2001)

w

Documents

THN 133965
Preferred reporting items for systematic reviews and meta-analyses: the PRISMA statement (2009)*
»7 T

Deep residual learning for image recognition (2016, preprint 2015)

3) 101,906

Efficient iterative schemes for ab initio total-energy calculations using a plane-wave basis set (1996)

Using thematic analysis in psychology (2006)t

(o m—r

Development of the Colle-Salvetti correlation-energy formula into a functional of the electron density (1988)

*9

Data show citations from Web of Science ‘Core Collection’ journals as of March 2025, to permit comparison with 2014
list (Nature 514, 550-553; 2014). Orders would change if citation metrics from other databases were included (see
Supplementary information).

*Paper was published in multiple journals simultaneously. This total aggregates citations to all journal versions.
tCorrected for data error in Web of Science, which lists a different paper by the same authors.

Nature 640, 591 (2025)
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Excited states of Materials: Spectroscopy

Direct Inverse
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Charged excitations: photoemission and inverse photoemission

Neutral excitations: absorption
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Excited states of Materials: Direct Photoemission

E(N)+hv = E(N—1)+[® w+ Exin]

E(N)—E(N—1 ) — [¢w—|—Ek,'n]—hl/

...plus momentum N - N-1
conservation = ARPES occupied states

Measure the density of occupied states
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Excited states of Materials: Inverse Photoemission

L.

E va

-

electron in - photon out

N ~-N+1

E(N +1)—E(N)= Ey + hv empty states

Measure the density of unoccupied states
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Excited states of Materials: The Band Gap S
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Picture from |. Osma Peso PhD Thesis

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

Egop = (En+1 — EN) — (En — En—1)

electron affinity ionization potential
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experimental gap (eV)

Adapted from M. van Schilfgaarde et al. PRL 96 (2006)

Huge discrepancy not due to the LDA
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Excited states of Materials: Theoretical spectroscopy

The zoo of
computational methods.

Accuracy and
computational cost

~ Spectral

HF MP CC CI QMC

e —— % WAVE
RDMET # function

Wl(rar/) ’72(1.171.271‘,171‘,2) \Ij(rlar27r37'°°)

N. Marzari, A. Ferretti and C. Wolverton Nature Materlals, 20, 736 (2021)

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



Excited states of Materials: Theoretical spectroscopy

The zoo of
computational methods.

Accuracy and
computational cost

spectral

HF MP CC CI QMC

e —— % WAVE
RDMET # function

Wl(rar/) ’72(1.171.271‘,171‘,2) \Ij(rlar27r37'°°)

N. Marzari, A. Ferretti and C. Wolverton Nature Materlals, 20, 736 (2021)
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electron affinity ionization potential
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i — Polarization, screening
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Excited states of Materials: The Quasiparticle

Egop = (Eny1 — En) — (EN — EN—1)

electron affinity ionization potential

Electron injection
Repulsive Coulomb interaction creates a repulsive Coulomb hole

\ hv around the the additional electrons
Q q Direct photemission
(’ O ‘) an electron leaves the system: also the Coulomb hole disappear

Y %

i — Polarization, screening

o

Relaxation - Screening - Correlation
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electron affinity ionization potential

Electron injection
Repulsive Coulomb interaction creates a repulsive Coulomb hole =

\ hv around the the additional electrons
q O. Direct photemission
(’ O ‘) an electron leaves the system: also the Coulomb hole disappear

Y %

i — Polarization, screening

o

Relaxation - Screening - Correlation

Relative to the ground- state N-electron system, the addition (removal) of an electron in
indirect (direct) photoemission hence creates (annihilates) an ensemble consisting of the bare
electron and its oppositely charges Coulomb hole.

4
& "\ £ N

L+ y = & .
< Q

electron screening quasiparticle |
cloud

» T

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



Y_UEA =Y 0w . a "N Nl L4
- rf 'l - 21N gt Y
2Ty SN2 -~ 1 T ALLSL TS L B .-
- S L E Y .-'u’-3-4.-1;3;.--;.'-::-" J.tig,.u'- y
A A
b _x|r-0:‘} ;""_‘. 'I i v_ _4_‘1'.; 1-;- .’D-' F. A !'-:" 0 ,4.'
| . » v - '_'-' «

" :;. ‘T 'l’ .—|1. t-l'}:r- T"-“ o [ "GL T e .
5 A ) YA & e st 2 Iy .
\ h\o PR i N A -.l;'--'f':".-."’.’-"-
\ ri=. N ,_"/'_AZ-.'-' & -1,."_ ::'."...'.“1 N M .
i e A US I, M A T e
\ N e SN
e ) SRR .
. i

¢ o o & %
® o o 0® O &0
® o o oY &

Additional charge ————— — Polarization, screening

Theoretical description involving the ejection or injection of electrons
requires a framework that links the N-particle with the (/N £ 1)-particle system

Many Body Perturbation Theory

! 4/
G(rt, rt ) Contains the excitation energy €s

Green Function as a excitation lifetime

central variable ground state density
expectation value one-particle operator, Total Energy etc.
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Detinition and meaning of G SO
€
G*(rity,rats)

probability amplitude for the propagation of an additional electron from (rz,tz) to (ri,t1)
in a many body electron system with interacting H

i - / e ()T (0)(r) + / drdr’ ' (0)gT (¢)V (r, *')i (') (x)

Gc (rltla r2t2) —
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Detinition and meaning of G SO
€
G*(rity,rats)

probability amplitude for the propagation of an additional electron from (rz,tz) to (ri,t1)
in a many body electron system with interacting H

i - / e ()T (0)(r) + / drdr’ ' (0)gT (¢)V (r, *')i (') (x)

G(rit1,raty) = W (t2))
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Detinition and meaning of G
G°(rity, rats)
probability amplitude for the propagation of an additional electron from (rz,tz) to (ri,t1)
in a many body electron system with interacting H

1

A

A = / dr! ()T ()b (r) + 5/ drdr'y (r)g! () (5, )P @) ()

G®(rity,raty) = 2;T(rz) Ui (t2))
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Definition and meaning of G Aot
G°(rity, rats)
probability amplitude for the propagation of an additional electron from (rz,tz) to (ri,t1)
in a many body electron system with interacting H

A = / drt ()T (r)d(r) + 5/ drdry ()Y () (6, )P0 oy )

G(ryit1,raty) = U (1, tz)w(rz) U (t2))

[}(tl,tg) — e%iﬁ(tl_tz) t1 > 1o
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Definition and meaning of G
G°(rity, rats)
probability amplitude for the propagation of an additional electron from (rz,tz) to (ri,t1)
in a many body electron system with interacting H

A = / drt ()T (r)d(r) + 5/ drdry ()Y () (6, )P0 oy )

GE(rit1, Tata) = (WY ()] D(r1) Ults, ta) ' (r2) [T (£2))

ﬁ(t1,t2) — B_Tiﬁ(tl_h) t1 > 1o

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



= r e trdl & TG
PR ety B AR ’.
I e G reen Fu ncl:lon SRR P
> M R A S E s_._"', g
" w12 0"y e, -’ " - - . )
T e DA T g e e R S
SRR e TR Y ST T
AL A LT T - A P S
w iy VA Sip s .,:1*?- ‘ aYe L Tl
T "{;:._"J-V 4 b 4
’ i1 _‘x .
AT

Definition and meaning of G
° e
G®(ryit1,rats)

probability amplitude for the propagation of an additional electron from (rz,tz) to (ri,t1)
in a many body electron system with interacting H

H = / drpt (r)T'(r)(r) +% / drdr'y" (r)¢ (' )V (r,x' )9 (r)d(r) (r2,t2)

GE(ryty, Tats) ==+ (WY (t2)] D(r1) Uty t2) D (r2) WY (22))

U(t1,ts) = e® Ht1—t2) 11 >t

2 R R
Gé(r1t1,rats) = ——(UQ |1h(r1, t1)YT (r2, t2) | ¥y )0(t1 — t2)

h
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Similarly for an hole propagation o
Gh(r2t23 rltl) - ﬁ(‘l’év‘wT (I'z, t2)1/)(r1, t1)|\IféV>9(t2 - tl)

We define G as: Time-ordered Green Function

G(riti,rots) = G°(rity,raots) — Gh’(l‘ztm rit)

// t1)dt 0
7'17 1 (T27t2)]|\110 >
\

t1 > 1o tl < t2
— (TN |1 (ra, t2) (r1,t1)|‘1’f)v>

<>

<\Ijév|d;(rla tl)f&T (r2a tz)llpév>
(ry,t;) (rz,

o
(ri,t) (r1’t1
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Fourier Transforming in frequency domain:

G(ry,rz,w) = Z fi(r1) f; (r2)

~w—¢t insgn(e; — u)

__ E(N+1,j) - E(N) (O [(ry) w1y € > U

€; = fi(r1) =
E(N)—- E(N —1,j)

Green Function has poles at the true many-particle
excitation energies
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How to obtain G??
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How to obtain G??

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

Let’s say we know Go(w) that corresponds to the Hamiltonian Hg (e.g. non interacting electrons)

H = Hy + H,, where the interaction is put in H;
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How to obtain G??

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

Let’s say we know Go(w) that corresponds to the Hamiltonian Hg (e.g. non interacting electrons)

H = Hy + H,, where the interaction is put in H;

Everything that is unknown is put in

Y(w) =Gy (w) - G (w)
This is the definition of the Self Energy
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w — Ho)G(w) + 1 / Y (w)G(w) =1
Let’s suppose we know the Self Energy e

and consider Gothe Green function of a mean field system defined by

v? 2 / ‘
Hy = + Vezt + ‘ / n(r) d°r’
2m dmep J |r—1'

single-particle Hamiltonian

Introducing the Lehmann representation for G

a ) . )
Ho(r) fs(r) + / N (r, 15 €5) fs(r)d3r = € fs() Ho(7)Yrs(1) + Vae(T) ks (1) = €xstrs(r)

\_ ) 0 4

QP equation: looks similar to KS equation but:

E contains many body effects (as ch)
Z is not Hermitian, non-local, frequency dependent Va:c is local and not frequency dependent

Z potential felt by an added (removed) electron to (from) the system Va:c part of the potential of a fictitious system

fs not orthonormal

€s are complex Online Computational Spectroscopy: Hands-on Many Body Calculation with the Yambo code. 5-7 May 2026
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calculated gap (eV)
A
2= InN,Ge,GaSb,CdO

H:LDA
O:.GW(LDA)

M. van Schilfgaarde, Takao Kotani, and S. Faleev PRL 96, 226402 (2006)

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



£ T ?'J_":':!"r'\ o
R R D R
i A T e ey 3 'IE: '.-ﬁ“iﬁy_-"
» il e 1 Ry :'-rhal' o I;-,_'.._! .{_.." 'E_; .‘é%"
. R A R A TR S SR
o O by e ko B R R |
u e g e A W S A
- -_,r 2 o _._Irl '_."-rl oo B ;";l‘ ?‘L i".;_-";!;:_f_- _:;'—‘;:{
Lf:‘ ! u:; > . :." l)-fh‘_ 1 t L 5 "'_E'._: " ._:'._’:.:.'."_'_1
. ‘ : :L_FL'—{: ~a) -l 3 H_L “- _‘ .ﬁ:_t:f:!:--.-." .
gl by

o

"]
e |
|
-
.
-
"
-
"

%
:

oy,

O GW band gaps: huge
improvement wrt the LDA o

AISh
diamond
a— SrQ

O

o
I
O AN

©

Jo
T
Cu20

(Y Se,

3 Very good agreement with
o) :
= the experiment!!

=2 ZnSe,CuBr
O

InP,GaAs,CdTe
’ﬁ,-_AlAs,GaP,SiC,AIP,CdS

Si

calculated gap (eV)
ra
T

B BO Q@ ZnO,GaN,ZnS
O
[
Ca0—Nm

A2 InN.Ge,GaSb,CdO

H:LDA
O:.GW(LDA)

M. van Schilfgaarde, Takao Kotani, and S. Faleev PRL 96, 226402 (2006)
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Some GW results: semiconductor band gaps

AlISbh
- AlAs,GaP,SIiC,AIP.CdS
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calculated gap (eV)
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s |
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O:GW(LDA)
| A 1 1 | 1 lj

GW band gaps: huge

1 improvement wrt the LDA

Very good agreement with
the experiment!!

But for a wrong reason!!!!

M. van Schilfgaarde, Takao Kotani, and S. Faleev PRL 96, 226402 (2006)
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GW represents the intersection of worst-case scaling, memory intensity, and communication, making it an Sletg A
ideal stress test for exascale computing. s
Why GW Is Computationally Extreme - -/ < ~

.....

' 'y
1111111
n o

 Unfavourable scaling
> Typical cost in system size. O(N N 5)
* Dense linear algebra + global FFTs . A OAKR)

> Heavy all-to-all communication e *) ENES b4 |
y SN

o~ "---.-h

* Memory pressure

> Tens to hundreds of TB for realistic systems AMD &t
* Limited algorithmic shortcuts

> Accuracy depends on explicitly resolving unoccupied states, BZ integration

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



- >l VP Y ese ot

R AR S TR v ons

PPt AR T a1

Papiarmae ey L5 et

S T i ot S e i v G A

[ o o Rl ‘,';_;1_'-_'%.-.':-, N 'T(-' ~ ,:-,'-.\;'1‘:;-:-!'.'
A _ LR P-_; o LS N

- - b A A Y X :?,'41'_»[‘4-.".,'.3 v 4
LTS "j—\'-l'# T oI E"L‘-'."

N g ! - 3

) I '.,“t.:".t‘ ”—':?:

; [ Y ¥4

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

Why GW Is Computationally Extreme

* Unfavourable scaling - b’ .- o o e
> Typical cost in system size. O(N* — N°) | — —-— = -‘-..”‘-- —

—

* Dense linear algebra + global FFTs HOAKR)

p— T d

> Heavy all-to-all communication - ) ENES GY

‘pall AUJENE RIAL
* Memory pressure ’ et ,..E------- '

> Tens to hundreds of TB for realistic systems AMD &

* 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)

e GW calculation of a 17000 atom system

e many-body GW calculations achieving O(1) exaFLOP/s with strong scaling to full machines. (Frontiers, Aurora)
e Strong scaling to ~10° GPUs (Frontier)
o 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)
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https://arxiv.org/abs/2509.23018
https://doi.org/10.1145/3712285.377178

The Yambo code
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The Yambo code

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)

U ava i 00D

https://www.yambo-code.eu

e Implements many-body methods (post-DFT) for finite and extended systems

e eg: quasiparticle energies (GW), optical absorption (BSE), spectroscopies

—
.

Wave vector k| L(17A)

(@) 16 12 08 04 00 04 08 1.2 16 20
0 0 e plane wave basis set and pseudopotentials
. | s Nigadle .
2 i 2 e Natively interfaced to Quantum ESPRESSO and Abinit
3 - ' - 3
> 4- - - 4
%’: 5 A " L 5
o 7 - 7
S 8- E E ! . 8 LGW = & + + T e
5 o) M | it N |
10 | /@l (10 5 7
1 - [ 5 7 5 e
121 WV T 0) . JSF
' : 25 BSE _ N -
1.6 12 08 04 00 04 08 1.2 16 20 v
6 8 6 8
6 8

Varykhalov et al, PRX 2, 041017 (2012)
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https://github.com/yambo-code

Ab initio many-body perturbation theory (MBPT) ey

1] ) . DFT simulation as input
2 KS
—§V + 077 (X) | Ynk(X) = €Enk¥nk(X) . interfaced to QE (MaX), Abinit
G ¢n ( ') . the DFT Green’s function used to
X X' w Z — €1 + 10T compute MBPT quantities
n ——

« Mmicroscopic
screening 5\_‘1 EB
Yaw = + +

Xq(Ga G',w)

5 7
D 7 5 7
BSE = }f\{ + W
6 8 6 8
§ 8

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)
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Many Body technique for spectroscopy:

Layered materials
excitons and quasiparticles
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Many Body technique for spectroscopy:

Layered materials
excitons and quasiparticles

Photoemission/quasiparticles

structure

Ataei, Varsano, Molinari, Rontani PNAS (2021)
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Many Body technique for spectroscopy:

Layered materials
excitons and quasiparticles

EELS/IXS
e 3 s :
s EELS free-standing
s A A graphene
Guandalini, Varsano,
a Ferretti...Nano Lett. (2023)

Photoemission/quasiparticles

Ataei, Varsano, Molinari, Rontani PNAS (2021)
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Many Body technique for spectroscopy:
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excitons and quasiparticles

Optical absorption: Exc

‘. a » - - '.:

at ’
B T f e
BN Lt e e

g [t al S'& .

AN o ) g "

T IR AN )
Tl . oy S e -
«l o oo LW . »

EELS/IXS

n plasmon (eV)

T la)y ™

. Norm. loss function

Norm. loss function

030 20 -1.0 00 1.0
W — Wplasmon (ev)

Online Computational Spectroscopy:

 Im(ey)

--- onset IP-GW Ny r L r
STy
0O OET)

o .//’
£
>

4’ 5 O N o ~ N ..—"'. N
/ - P . . s . AN
]
]

Pl
N Z 1 )
0 0 » 0 » -
| | | l I | o

|
. » g . DL . » T4
Np N " N N N n” B
{ e

'

hw (eV)

Bonacci et al PRM (2022)

EELS free-standing
graphene

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

Photoemission/quasiparticles

AN

DS

Ataei, Varsano, Molinari, Rontani PNAS (2021)

Hands-on Many Body Calculation with the Yambo code. 5-7 May 2026

":"-'t"." .-" i » - Pty
R B



rrrrrrrr

Many Body technique for spectroscopy: VaMbo éos :f;

. |
"\\. A '."‘.A ': I'-"'-':

Optical absorptlon E‘)(c;lt',:.,,_‘__;;;xs

Phonon-assisted luminescence Layered materials

excitons and quasiparticles

— |m(5M)
--- onset IP-GW

_—
(1)
~

—— Theory
. Experiment

:oom\\
r.|‘1°n.|°|‘f | &

'
.JK'

d \. \./ n” '
d

m
L~
c
=
el
| -
s
S
=
w

o)
O
c
]
O
@
Q
c
£
>
O
e
—
o
=2

hw (eV)

Bonacci et al PRM (2022)

EELS/IXS

Energy (eV)

7.5 a) M A g
P . . . o = % :
Zanfrognini, Paleari, Molinari, Varsano ...PRL P EELS free-standing
6.5 j —°:
(2023) ' graphene
Guandalini, Varsano,
i | £ Ferretti...Nano Lett. (2023)

Photoemission/quasiparticles

MoS2 G
‘WV band
structure

Ataei, Varsano, Molinari, Rontani PNAS (2021)

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



Many Body technique for spectroscopy: {3 mH
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Which systems you can deal with:

Nanostructures /
W .:?;(‘.:b“

€ SR, !!

S PaTAn Singlet Triplet at
i q e 103 f-PCN-123
C. Attaccalite et a, Phys. Rev. B 95, 125403 (2017) M. Palummo et al J. Chem. Phys. (2009)
L. Chiodo et al. Phys. Rev. B (2010) A. Rajan et al J. Phys. Chem. Lett. (2021) D. Varsano, D. Sangalli et al. Nature Comm. 8, 1461
(2017)
. 2D materials and heterostructures
hybrid organic inorganic (b) Tlo?'NbTi

halide Perovskites

(1) Fadl(vW)(v3d)

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

A Molina-Sanchez et al. Nano Lett. (2017) D. Varsano et al. J. Phys. Condens. Matter (2017)
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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:

O Leonardo (booster + DCGP)
O LUMI-G, LUMI-C

O Karolina

O Meluxina

O Vega

© Most architectures relevant to EuroHPC covered, including
o INTEL, AMD host CPU
© NVIDIA, AMD, INTEL GPUs
© ARM-based hosts (eg Graviton 3)
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Efficiency (%)
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4 Nvidia A100 next / node

runs: up to 3000 nodes about
87% of the whole machine (3456

=
AEN

Fugaku

nodes)

GrCo large (61 kpts)

PPA

T

=-0= Yambo-5.3.0
-~ Yambo-5.4-beta

-~ ideal

240 360 480
# Nodes

120 240 360

# Nodes

480

MPA

100000

50000

75000 1

=0= Yambo-5.3.0
=0~ Yambo-5.4-beta

-~ ideal

120

240 360 480
# Nodes

120 240 360 480

# Nodes

Speedup

Hands-on Many Body Calculation with the Yambo code. 5-7 May 2026



Colombia 2024

2023

- Asesma 2023 Kigali (Rwanda) = . y
- Yambo 2023 Rome (Italy) B L
- Rasesma 2023 Nairobi (Kenya) ZARRAN L Wiy SR

2024 Rome 2023

- .

- Workshop on High Performance Computing for Materials Characterization, Design and
Discovery Barranquilla (Colombia)

- MAX@ENCCS school
- Yambo@Aiida plugin school

2025

- Modena (Italy) May 2025

2026

- Kobe (Japan) Jan 2026

Collaboration with renowned institutions
and competence centres.

(CT P i Ceé’&?ﬁ O

." Centre Européen de Calcul Atomique et Moléculaire
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What you will learn:

MBPT Theoretical Foundation:

Linear Response

GW approximation

Absorption spectroscopy and Bethe Salpeter Equation

o,

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
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Program:

Day 1:
D. Varsano: Yambo & MBPT

C. Cardoso: Linear Response Theory

Day 2 :

A. Ferretti: Many Body Perturbation Theory and the GW approximation
G. Sesti : GW in production: algorithms and approximations

N. Spallanzani : Parallel strategies and GPU porting

Day 3 :
F. Paleari : The Bethe-Salpeter equation and BSE solvers

L. Riha/F. Vaverka :

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

Practical Sessions with Yambo: Optical absorption and Exciton Analysis

< HANAMI Materials Science from First Principles, November 3-7 Sorbonne University, Paris, France

CNRNANO




Take Home Messages: i
* 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
2(w), a non-local and dynamical potential, usually approximated as GW.
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* MBPT calculations are significantly more computationally demanding than DFT, typically 0
restricting applications to systems about one order of magnitude smaller.

* Today, MBPT (GOWO) 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.
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Useful Links:
>

\4\.4‘>

YaMbo wiki

Documentation

Theory

Lectures
Cheatsheets

Input file variables
Selected Readings
Thesis

5 slack

Cheatsheet

For yambo 5.0

MAX

DRIVING THE EXASCALE TRANSITION

https://yamboschools.slack.com/archives/COB2GUHL5CO

Instruction for the tutorials

A Board index

®W @

ay

a

W ®

@

Announcements and Job offers

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

(8) Correlation part of self energy:

(@) kfzenky = Y| 2Ly

5 Pnm (K, @, G)prp (K, @, G7)

l

% GbndRnge

1] 50|
%

%$QPkrange
1] 5| 20| 59|
4| 8| 60| 80|
%
%$QPerange (-V qgp)
1] 32] 0.0]-1.0]
%

X dw'G?nk_q(w —wega(q,w’)

Bands used in the GW summation
QP energies usually shows slow
convergence

NGsBIkXp= 100 RL
Response block size

Tip: If you are interested in gaps, energy

_differences converge faster

nk, n’k’ ranges where GW/Z_ elements are calculated
first k-point | last k-point | lower band | upper band
This can be split over several lines for multiple groups

Tip: careful use of fewer k-points and bands reduces the
calculation time; yambo will interpolate the rest

https://yambo-code.eu/forum

SUBFORUMS STATISTICS

A subforum where you can post Announcements and Job offers related with the Yambo code
Moderators: Davide Sangalli, andrea.ferretti, myrta gruning, andrea marini, Daniele Varsano, Conor Hogan

Compilation

Having trouble compiling the Yambo source? Using an unusual architecture? Problems with the "configure" script? Problems in GPU architectures? This is the place to look.
Moderators: Davide Sangalli, andrea.ferretti, myrta gruning, andrea marini, Daniele Varsano, Conor Hogan, Nicola Spallanzani

Importing core databases (a2y, p2y and e2y)

Forums dealing with all aspects related to conversion of data from Abinit, PWscf or ETSF-io into the native Yambo core databases.

Moderators: andrea.ferretti, Conor Hogan
Subforums: [ PW, [ Abinit

Running Yambo

Yambo can be operated on several different runlevels: here you will find several forums that deal with the specific physical task that you are trying to carry out.

Subforums: [ Initialization, [ Linear Response and Screening in reciprocal space, [ GW calculations, [) Bethe Salpeter, [ Electron-Phonon effects (yambo_ph), [ Non linear optics (yambo_nl), [1) Real time propagation (yambo_rt), [ Other issues

Post Processing (ypp)

Anything regarding the post-processing utility (e.g. excitonic wavefunction analysis) is dealt with in this forum.
Moderators: Davide Sangalli, andrea marini, Daniele Varsano

Yambo-py

Post here any question you encounter when running the scripts of the yambo-py suite. Post here problem strictly to the python interface as problem coming from the yambo runs should go in the appropriate subforum.

Moderators: amolina, palful, mbonacci

Technical Issues

Various technical topics such as parallelism and efficiency, netCDF problems, the Yambo code structure itself, are posted here.
Moderators: Davide Sangalli, andrea.ferretti, myrta gruning, andrea marini, Daniele Varsano, Conor Hogan, Nicola Spallanzani

Yambo old versions

You can find here problems arising when using old releases of Yambo (< 5.0). Issues as parallelization strategy, performance issues and other technical aspects.
Moderators: Davide Sangalli, andrea.ferretti, myrta gruning, andrea marini, Daniele Varsano, Conor Hogan

WHN IS NNI INF
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Theory and Comy

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

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 GIW method. Rep. Prog. Phys. 61:237 (1998)

Aulbur W. G., Jonsson 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:
A. Marini, C. Hogan, M. Gruning and D. Varsano Comp. Phys. Comm. 180, 1293 (2009)

D. Sangalli et al. ]. Phys.: Condens. Matter 31 325902 (2019)
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Thank you for your attention
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