
EPS Grand Challenges
Physics for Society in the Horizon 2050

Online at: https://doi.org/10.1088/978-0-7503-6342-6

https://doi.org/10.1088/978-0-7503-6342-6




EPS Grand Challenges
Physics for Society in the Horizon 2050

Edited by
Carlos Hidalgo

CIEMAT, Laboratorio Nacional de Fusión, Spain

Coordinators
Ralph Assmann

Deutsches Elektronen-Synchrotron (DESY), Germany
and

GSI Helmholtzzentrum für Schwerionenforschung, Darmstadt, Germany

Felicia Barbato
Gran Sasso Science Institute, Italy

Christian Beck
Queen Mary University of London, London, UK

Giulio Cerullo
Politecnico di Milano, Milan, Italy

Luisa Cifarelli
University of Bologna, Bologna, Italy

Felix Ritort
University of Barcelona, Barcelona, Spain

Christophe Rossel
IBM Research Europe - Zurich, Switzerland

Mairi Sakellariadou
King's College London, London, UK

Kees van Der Beek
Institut Polytechnique de Paris, Paris, France

Luc van Dyck
Euro Argo ERIC, Plouzané, France

Bart van Tiggelen
Laboratoire de Physique et Modélisation des Milieux Condensés,

University Grenoble Alpes/CNRS, Grenoble, France

Claudia-Elisabeth Wulz
Institute of High Energy Physics, Austrian Academy of Sciences, Vienna, Austria

IOP Publishing, Bristol, UK



© 2024 The Editors. Published by IOP Publishing Ltd.

Original content from this work may be used under the terms of the Creative
Commons Attribution NonCommercial 4.0 International license. Any further

distribution of this work must maintain attribution to the author(s) and the title of the work,
publisher and DOI and you may not use the material for commercial purposes.

All rights reserved. Users may distribute and copy the work for non-commercial purposes pro-
vided they give appropriate credit to the editor(s) (with a link to the formal publication through the
relevant DOI) and provide a link to the licence.

Permission to make use of IOP Publishing content other than as set out above may be sought
at permissions@ioppublishing.org.

The editors have asserted their right to be identified as the editors of this work in accordance
with sections 77 and 78 of the Copyright, Designs and Patents Act 1988.

ISBN 978-0-7503-6342-6 (ebook)
ISBN 978-0-7503-6338-9 (print)
ISBN 978-0-7503-6339-6 (myPrint)
ISBN 978-0-7503-6341-9 (mobi)

DOI 10.1088/978-0-7503-6342-6

Version: 20240301

IOP ebooks

British Library Cataloguing-in-Publication Data: A catalogue record for this book is available
from the British Library.

Published by IOP Publishing, wholly owned by The Institute of Physics, London

IOP Publishing, No.2 The Distillery, Glassfields, Avon Street, Bristol, BS2 0GR, UK

US Office: IOP Publishing, Inc., 190 North Independence Mall West, Suite 601, Philadelphia,
PA 19106, USA

https://www.creativecommons.org/licenses/by-nc/4.0/
https://www.creativecommons.org/licenses/by-nc/4.0/


Contents

Preface xiii

Coordinators xiv

List of contributors xx

1 Introduction 1-1

Part I Physics as global human enterprise for understanding Nature

2 Physics bridging the infinities 2-1
Freya Blekman, Angela Bracco, Nelson Christensen, Emmanuel Dormy,

Patrick Eggenberger, Claus Kiefer, Franck Lépine, Mairi Sakellariadou,
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Jan Lüning, Lucia Reining, Pascal Salières, Pierre Seneor, Luis Silva,

Thomas Tschentscher, Kees van Der Beek, Antje Vollmer and Angelo Vulpiani

3.1 Introduction 3-1

3.2 Quantum many-body systems and emergent phenomena 3-4

3.2.1 General overview 3-4

3.2.2 Quantum 3-5

3.2.3 Interacting 3-8

3.2.4 Quantum and interacting 3-9

3.2.5 Many-body 3-11

3.2.6 Tiny differences, large effects: symmetry breaking 3-15

3.2.7 More can be very different 3-16

3.2.8 Challenges and opportunities 3-19

3.3 The search for new materials 3-24

3.3.1 General overview 3-24

3.3.2 Present understanding and applications 3-24

3.3.3 Challenges and opportunities on the Horizon 2050 3-36

3.3.4 Final considerations 3-43

Acknowledgments 3-44

3.4 Manipulating photons and atoms: photonics and nanophysics 3-45

3.4.1 The landscape in the 1960s 3-45

3.4.2 Nanophysics: there is plenty of room at the bottom 3-46

3.4.3 Photonics: let there be light 3-52

3.4.4 Challenges and opportunities 3-57

3.5 Extreme light 3-63

3.5.1 Synchrotron radiation 3-64

3.5.2 X-ray free-electron lasers—studying the dynamics of atomic
and electronic structures

3-65

3.5.3 Attosecond light sources 3-67

3.5.4 Attosecond applications—imaging at the attosecond scale 3-68

3.5.5 Laser–plasma interaction and the ultra-relativistic limit 3-70

3.5.6 Challenges and opportunities 3-75

3.6 Systems with numerous degrees of freedom 3-83

3.6.1 Introduction 3-83

3.6.2 The role of Kolmogorov–Arnold–Moser (KAM) and chaos
for the timescales

3-84

EPS Grand Challenges

vii



3.6.3 Challenging the role of chaos 3-88

3.6.4 From classical to quantum: open research directions 3-93

References 3-100

4 Physics for understanding life 4-1
Patricia Bassereau, Angelo Cangelosi, Jitka Čejková, Carlos Gershenson,
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Preface

Over the last decades, the European Physical Society (EPS) has raised concerns on
some of the main problems humankind faced up to now and examined the role of
physics to address them. But what are the urgent societal challenges in the future and
what holds the world’s physics agenda to solve them? One objective of the EPS
Grand Challenges project is indeed to explore our ability in imagining and shaping
the development of physics at the Horizon 2050.

The scientific committee of this Grand Challenges publication chaired by Carlos
Hidalgo, includes the following chapter coordinators: Ralph Assmann, Felicia
Barbato, Christian Beck, Kees van der Beek, Giulio Cerullo,Luisa Cifarelli, Luc
van Dyck, Felix Ritort, Christophe Rossel, Mairi Sakellariadou, Bart van Tiggelen,
Claudia-Elisabeth Wulz. They played the leading role in the development of the
project that addresses two pillars: Physics as global human enterprise for under-
standing nature and Physics developments to tackle major issues affecting the lives of
citizens. The essays, written by more than 70 leading scientists, outline the in-depth
analysis of the strong links between basic research, its applications and their impact
on a sustainable society. The interplay of natural sciences with social and human
sciences is also discussed together with the role of open science, education, ethics,
and responsible citizens in an interdisciplinarity environment.

The scientific committee would like to express its gratitude to the Editorial Board
members1 for their contribution in defining the structure and the topical content of
this project. The constant support of the successive EPS Presidents (Luc Bergé, Petra
Rudolf, Rüdiger Voss, Christophe Rossel), the EPS Secretaries General (Anne C
Pawsey, David Lee) and the EPS secretariat during the whole process is deeply
acknowledged. Finally, the excellent work of the editorial team of Europhysics News
[EPN] in preparing the special issue on the EPS Grand Challenges [1] is also well
recognised.

Reference
[1] EUROPHYSICS NEWS 2023 Special issue the EPS Grand Challenges for physics

EUROPHYSICS NEWS 53 5

1Members Editorial Board: Tariq Ali, Hans-Peter Beck, Els de Wolf, Karl Gradin, Giuseppe Grosso, Eduard
Kontar, Eva Kovacevic, Marko Kralj, Douglas Mac Gregor, Eugenio Nappi, JoeNiemela, José Antonio
Paixao, Kaido Reivelt, Sylvie Rousset, Petra Rudolf, Enrique Sánchez, Miguel Angel Sanchis, David Sands,
Rüdiger Voss, and Victor Zamfir.
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Chapter 1

Introduction

Science begins when someone raises a general question and sets about answering it
by methodical investigation, including and combining experimentation and logical
argumentation. Such scientific action spawns understanding of our world in its
broadest sense and therefore the power of predicting and describing the behaviour of
different bodies and objects. The corollaries are significant practical advantages—
ranging from agriculture to medical applications. The dawn of science is therefore as
old as the dawn of man as we know it—the mastery of fire, tools, agriculture and,
later, the isolation of alloys and pure metals were, as such, great scientific advances.
These were to be followed by the inevitable questions, borne out of sole curiosity,
regarding consciousness, the place of man in the Universe and the workings of the
cosmos. Thus, one of the first problems to be tackled truly scientifically by ancient
historical cultures was to conceive explanations of the seasons and of how heavenly
bodies move. Without this initial curiosity, on which our scientific and technological
knowledge are based, humanity would be radically different. The build-up of
knowledge concerning the workings of the distant Universe and the world at hand
on one side, and the properties and behaviour of materials on the other have led, in
the second half of the 18th century, to the advent of the industrial revolution. The
harnessing of electromagnetism and its phenomenal stream of applications followed
during the 19th century. The huge social impact of both events is unrivalled—it is
difficult to think of any political, religious or economical doctrine that has brought
about such radical and robust changes in society.

Creativity plays a vital role in the development of science, insofar as one of its
main objectives is to imagine and shape the future. Scientific knowledge, innovation,
progress and even new paradigmes arise mostly from curiosity-driven research but
also often from serendipitous discovery. Moreover, one should not overlook the
cultural impact of scientific research, education and training. It is the principal
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method by which citizens can mature to critical, rational and independent
thinking. A modern developed society must therefore nurture a strong scientific
sector, both in education and research, in order to address its technological and
societal challenges.

Although the quest for knowledge is not necessarily susceptible to ethical
evaluation, science abandons its ethical neutrality when it crititically checks how
knowledge is generated, and how its technological applications impact individuals’
lives and society. This is particularly clear in health research, where commercial or
financial interests should never prevail over individual liberties and well-being. The
opposite is true in research for sustainable development. The desires of individuals
should not prevail over the common benefits for society and humanity—a topic
worth scientific analysis and debate. Furthermore, the recent progress in artificial
intelligence will lead us through a fascinating landscape of novel applications linked
to ethical considerations. In fact, science as a whole is not always ethically neutral,
i.e., impartial and fair . Quoting Berthold Brecht in his play ‘Life of Galileo Galilei’,
should people dedicated to science develop something like a Hippocratic Oath with the
promise of using Science solely for the benefit of mankind? Science should aim to raise
global life standards, requiring long-term perspectives on international cooperation
with investment and cooperation in research, education and sustained development
in global challenges such as energy management or climate change.

One of the most dazzling realizations of physics is that of scale and the place of
mankind in the Universe. From its smallest constituent parts to its largest structures,
the description of the Universe spans an improbable 45 orders of magnitude in length
scale1. It describes the most fascinating of journeys, from the smallest things that we
have ever explored—quark particles that are less than 10−18 m across—to the scale of
the nucleus of an atom made up of protons and neutrons—10−15 m—or to the atoms
dreamed by the ancient Greeks, with diameters of about 10−10 m. The journey
continues in the living world from the size of a living cell that is about 10−5 m, to the
human scale of 1 m in our natural environment, up to the Earth’s diameter of 107 m.
Stepping into space one evaluates the size of the Solar System to some 1011 m, the
distance to the nearest stars outside the Solar System to 1016 m, the diameter of our
Galaxy to 1021 m, until reaching the largest things we have ever measured, the greater
breadth of the Universe with 1027 m.

What is also remarkable is the amazing effectiveness of mathematics in describing
the most fundamental laws of physics. The list of achievements is impressive,
ranging from Maxwell electrodynamics that holds at the scale of particles to that of
distant galaxies, to Einstein’s relativity theory that describes classical newtonian
mechanisms as well as quantum mechanisms dealing with the interaction of matter
and radiation on the atomic and subatomic scales. In particular, quantum

1Scientific notation is a way of writing very large or very small numbers. A number is written in scientific
notation when a number between 1 and 10 is multiplied by a power of 10. For example, the Universe is about
1027 m across, that is, 1 followed by 27 zeros: 1 000 000 000 000 000 000 000 000 000 m.
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electrodynamics, which combines quantum mechanics with Einstein special rela-
tivity, is known to be accurate in about one part in 1011.2

We have to appreciate that one challenge is to know the laws of Nature, which are
few and amazingly accurate, but another one is to predict the outcomes of these
laws, which are numerous and quite often complex. In a complex system it is not so
much the size of the components that is of primary importance, but the number of
interconnections between them. This separation of the scientific perspective into laws
and outcomes would help to understand why some disciplines of physics are so
different in outlook.

Although important progress has been made and is further expected in specific
areas of knowledge, the interlinking between separate areas or topics of science is
crucial to addressing some of the grand scientific and societal challenges such as
climate change or understanding life. Interdisciplinary allows interconnections to be
made between many fields like physics, mathematics, biology, or chemistry in such a
way that the whole body of connected individual ideas merge and expand into a
successful global output.

There are many different images of science and of the activities of scientists in the
public. Some people imply that science may eventually reach the limits of knowledge
while others believe in endless horizons. Some think that science has or will provide
the answers to key open questions, while others mistrust its development. The
COVID-19 epidemic spreading has been more than a health and economic crisis. It
illustrates our vulnerability but also the importance of interdisciplinary and multi-
lateral science in addressing such a global challenge that affects societies at their
core. Numerous multidisciplinary actions have been developed to tackle the spread
of coronavirus and react against other desease outbreaks.3

In this book, we look at all these remarkable aspects, going from elementary
particles, atoms, living cells, to stars, galaxies, and asking about our place in the
Universe. We explore also what makes us, human beings, really unique in nature:
our self-consciousness and our ability to imagine the world around us and shape the
future by making use of the scientific method.

The book is an EPS enterprise designed to address the social dimension of science
and the grand challenges in physics. Hopefully it will succeed to convince the reader
that science and physics might help bringing positive changes and solutions to our
societies, raising standards of living worldwide and providing further fundamental
comprehension of Nature and the Universe on the Horizon 2050.

2This is equivalent to measuring the distance from Madrid to Berlin with an accuracy better than the width of
a human hair.
3 https://ec.europa.eu/info/research-and-innovation/research-area/health-research-and-innovation/coronavirus-
research_en
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