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Introduction

The main goal of a scientist focused on novel materials is to understand the most 
intricate properties of matter, down to the nanoscopic level.  It  is our dream, for this 
comprehension will allows us (among other things) to create new materials and/or new 
functionalities, and to describe and predict innovative characteristics. The first step is 
the deep investigation of prototypical systems. Two kinds of experimental approaches 
have shown their success: microscopy and spectroscopy. Microscopy (in a large sense 
of the term) permits us to tackle the spatial properties of the system (today's  electron 
microscopes or modern photon sources reach a sub-Angström spatial resolution), and it 
is often associated to the so-called ground state properties (electronic structure, bulk 
modulus, defect analysis, epitaxial growth, etc.). Spectroscopy, by contrast, studies the 
response of a system to an external perturbation. This kind of analysis provides lots of  
information about the system, in particular about its excited states (a system submitted 
to  an  external  perturbation  is  driven  out  of  equilibrium).  The  electronic  excitations, 
induced by electrons, light, or modern photon sources, are key quantities for research 
on materials, and can even favor remarkable breakthroughs of technological interest, 
like in biological applications, opto-electronics, etc.

The experimental  techniques measuring electronic  excitations have known a very 
rapid progress (low temperature, spatial resolution, coherence) and crucially ask for a 
more and more detailed and precise theoretical description. This needs to go far beyond 
the mere simulation of a spectrum in order to make the best possible use of all  the 
information available. Unfortunately, today, many electronic structure researchers work 
quite independently (not isolated from their colleagues, but rather separately developing 
the same methods and computer codes), both at the national and international level, 
using similar theoretical approaches, sometimes different languages, but often having 
the same applications as goals. As a result, we witness a fragmentation of the research 
that hinder significantly the advances on a given research project.

The French scientific  community  has already answered  to  several  challenges for 
ground-state problems, also thanks to federative actions like the GDR-DFT, GDR-DFT+
+, GDR-coDFT. The objective of the latter was the gather the French community of 
users and developers of DFT-like methods. 

Today, it is time to go  out of equilibrium and to propose a gathering action  of the 
researchers involved on theoretical spectroscopy; a new federative action centered on 
precise  axes (see Objectives  below),  but  at  the  same time,  permitting  to  identify  a 
significant group of researchers, representing the state of the art of today's theory of 



electronic  excitations  in  France.  The  main  objective  is  represented  by  a  threefold 
federative action:   i)  development of  valence-electron excitations vs  development of 
core-electron  excitations;  ii)  linear  and  non-linear  optics,  meeting  among  atoms 
physicists, chemists, and bulk physicists; iii) Green's functions and dynamical effects:  
model approaches, weak vs strong correlations.

Together  with  these  three  actions,  a  transversal  federation  is  to  be  considered, 
concerning  methods,  implementation,  and  applications:  the  large  majority  of  the 
researchers involved in this GDR, in fact, are theoretical developers, deeply involved in 
algorithm  optimization,  search  for  new  methods,  code  implementation,  and 
parallelization. We consider then crucial to permit the activation of new collaboration 
and  discussion  on  this  double  level:  new mathematical  algorithms and  better  code 
implementation. To this end, a group of mathematicians from Cermics/INRIA and the 
laboratory Maison de la Simulation from Saclay have joined the GDR.  

State of the art

Our project aims to bring together different communities of theoretical spectroscopy 
in order to establish the state-of-the-art approaches on the market, share knowledge, 
identify important issues and unresolved problems, and indicate future directions.

There  are  several  approaches to  the  study of  elementary  excitations,  the  choice 
being based on the kind of elementary excitations as well as systems one is interested  
in. In particular:

● Theoretical developments for the description of excited states
The use of  exactly  solvable  models  which  can capture  the  essential  physics 
involved in a dynamical process can provide a good physical understanding and 
also, in several cases, an accurate quantitative description of the experimental 
lineshapes. For example, in the case of core spectroscopies, the spectra reveal 
the effects of boson-like elementary excitation, such as vibrations or plasmons, 
which are excited by the potential induced by the electronic degrees of freedom. 
This scenario can then be well described by an electron-boson model. Another 
example is the Heisenberg model,  which can be used to  describe spin-wave 
excitations.  Of  course  the  use  of  models  is  bound  to  the  knowledge  of  the 
dominant  physics  underlying the process under  study.                       
Progress  has  also  been  made  in  the  implementation  of  nearly  exact  time-
dependent  approaches to  treat  the interaction of  light  with  simple atoms and 
molecules. As an example, the so-called above-threshold ionization (ATI) spectra 
in  simple  atoms  can  be  described  by  the  numerical  resolution  of  the  time-
dependent Schroedinger equation for a model atom.                                  
These results serve as benchmark cases, but the extension to more complex 



systems  requires  approximations  yielding  other  methods  such  as  the  time-
dependent density functional theory.                                           
Unfortunately,  so  far,  no  effective  action  has  been  taken  to  create  such  a 
collaboration  between  nearly-exactly  solvable  models  and  the  realm  of 
approximations within TDDFT. The GDR-REST aims at closing this gap, for an 
improved collaboration among these themes and research groups.

● Density-based approaches for the theoretical spectroscopy                     
The calculation of the many-body wavefunction in order to access all the physical  
properties of a system is numerically very demanding for a real system. Even 
though, for well precise questions, the high level accuracy permitted by  wave-
function based methods is required (and these problemes and themes are well 
treated in the GDR Correl), this is rarely the case for the spectroscopy. Moreover, 
the  wavefunction  contains  much  more  information  than  what  is  needed  in 
practice to characterize a system. Another way to treat the many-body problem is 
to use, instead of the wavefunction, a so-called reduced quantity,  such as the 
electronic density or the current density, which are simpler and with less physical 
content  than  the  wavefunction,  but  that  still  have  the  necessary  physical 
information to describe a system. However, the price to pay for such a simplified 
framework is the need to approximate some effective potentials which describe 
the electron correlation. An example of such an approach is the very popular 
(Time-Dependent)  Density-Functional  Theory  ((TD)DFT)  which,  in  principle, 
allows one to calculate all the properties of interest in terms of the density only. In 
the same spirit, one can have also a functional theory of the current-density or of 
the  density  matrix.  TDDFT  is  one  of  the  most  numerically  efficient  ab  initio 
methods  to  describe  dynamical  scenarios  in  complex  systems,  such  as 
nanostructures, clusters, surfaces and solids. Beside the linear regime, TDDFT is 
meeting a certain success also in the nonlinear regime, in particular with  the 
recent  experimental  progress  in  the  attosecond  spectroscopy  and  non-linear 
optics. In practice, however, the theory relies on approximations to the electron 
correlation.  The  existing  approximations,  namely  the  adiabatic  local  density 
approximation (ALDA), suffer from several deficiencies that cause the method to 
fail in describing many interesting properties, such as, multi-ionization, excitonic 
effects, higher-order excitations, dissipative effects, dissociative processes etc., 
thus hindering an accurate analysis and a reliable interpretation. Many advances 
have been recently proposed to overcome these problems, especially for what 
concerns  non-linear  response.  But  we  realize  how  very  often  different 
communities  tackle  the  problems  in  very  similar  way  without  too  much  of  a 
discussion, and are forced to separately overcome the same issues, problems, 
instabilities,  bugs,  etc.  One  example  can  be  the  multi-exciton  generation,  for 
which multi-level  knowledge is required (theoretical  development of  non-linear 
response, implementation in ab initio code, material knowledge, excitonic effects, 



parallelization  of  the  algorithm,  pseudopotential,  etc.)  and  that  could  greatly 
benefit from a network of researchers expert in all the required steps, from the 
mathematical level of algorithm optimization, to the inclusion of excitonic effects, 
from the non-linear  response formalism derivation  to  the efficient  inclusion  in 
open-source  ab  initio packages.  The  GDR-REST  aims  at  creating  such  an 
environment, where the different capabilities and expertises can be combined, 
where collaborations can effectively take place. For this reasons, we put lots of 
efforts  in  creating  the  small  meeting  events  where  all  these  discussions  will  
informally be held.

● Many-body approaches for theoretical spectroscopy
In the same spirit as TDDFT, Many-Body Perturbation Theory (MBPT) based on 
Green's functions allows one to describe, in an ab initio manner, elementary 
excitations, such as, for example, photo-electron energies and electron-hole 
excitations. Also in this framework one needs approximations to the electron 
correlation; the advantage here is that one can rely on  more advanced 
approximations, such as GW, which allow one to cure several deficiencies of 
TDDFT. MBPT is, however, computationally more demanding than TDDFT and, 
although several techniques are being recently developed to speed up the 
calculations, in practice one has still to use approximations to treat complex and 
large systems. Moreover, GW suffers from some shortcomings, as self-screening 
(the unphysical screening of an electron by itself), inconsistent treatment of 
dynamical effects, inability to capture strong correlation at (near-)degeneracy, to 
name a few. These deficiencies can cause, for example, a wrong  description of 
satellites in photoemission spectra, in particular in so-called strongly-correlated 
materials. To overcome these difficulties, new paradigma have to be devised, 
either in creating new approaches [Phys. Rev. Lett. 107, 166401 (2011)], or in 
combining different approaches [Phys. Rev. B 87, 125149 (2013)], historically 
devoted to different systems. The latter is in particular a quite promising way, 
aiming at put together the screening effects of the GW method (coming from 
weak correlations) with the correct treating of the localised d and f states of the 
DMFT (coming from strong correlations). We would like to encourage as much as 
possible this kind of combined approach, weak vs strong correlation, within the 
DGR REST. Pina Romaniello and Silke Biermann, in particular, will make sure to 
establish the best conditions within the network, for such a fruitful combination of 
expertises.



Objectives and gathering actions

The GDR REST aims at  achieving several  objectives,  both scientific  and general 
federating objectives: 

1. Valence electrons - Core electrons.
Several kind of spectroscopies can today be reproduced, explained, and in some 
extent, predicted, by ab initio theories+codes, like Photoemission (PES), Electron 
Energy  Loss  (EELS),  Inelastic  X-ray  Scattering  (IXS).  These  experimental 
techniques encompass, however, a quite large range of applications, spanning 
orders of magnitude of energies and momentum transfers, and are able to probe 
excitations of core electrons as well as of valence electrons. From the theoretical 
point of view, however, the two communities, valence and core electrons, have 
been historically well separated. Even though the underlying theory is the same, 
based  on TDDFT or  on  MBPT,  the  approximations  involved,  the  basis  upon 
which we write the equations (plane waves for valence electrons, localised bases 
for  core  electrons),  and  the  computer  codes  are  very  different.
It  is  today  timely  to  start  a  new  discussion  on  methods,  techniques,  and 
approximations involved in the two approaches with the global aim of getting the 
best out of both of them. One practical example could be the ---still missing--- 
theoretical  description  of  RIXS,  an  experimental  technique  with  increasing 
interest and potential applicability; the core-electrons community is far ahead in 
the model description of RIXS, especially with the use of multiplets, a technique 
that considers the solid as approximated by atomic-like behaviour; the valence-
electrons  community  could  give  a  very  deep  description  of  RIXS,  with  all 
screening and excitonic effects, if it were able to treat edges (high energy range) 
as effectively as the core-electrons community. The two approaches are today 
completely opposite and complementary. The main objective of the GDR is  to 
make this approach a working synergy. Preliminary discussion with Delphine 
Cabaret,  Didier  Sebillaud  and  Yves  Joly  confirmed  the  strong  need  of  this 
synergy and the great opportunity given by the GDR REST.                   

2. Weak correlation - strong correlation                                                                  
Maybe  one  of  the  most  central  problem  of  spectroscopy  is  related  to  the 
description of the electron correlation or screening. The description of how the 
electrons behave, when one (quasi-)electron is removed from the system (for 
instance in Photo-emission spectroscopy) is a formidable task. This problem is 
often  tackled  with  the  use  of  Green's  functions  theory  and  many-body 
Hamiltonians.  The  problem is  so  general,  though,  that  many communities  in 
physics tackle the problem from different angles, using similar techniques, but 
without knowing what is done by other colleagues. Only recently,  for instance, 



the community of strongly correlated systems, who has developed the Dynamical 
Mean Field Theory (DMFT), has created fruitful links with the community of weak 
correlation,  which  resulted  in  the  first  GW+DMFT  approaches.  The  second 
objective of the GDR-REST is indeed to foster this collaboration between weak 
and strong correlation, and to extend it also to other communities that might have 
very similar approaches. Discussions with Peter Schuck and Vittorio Somà, who 
represent  the  nuclear  physics  community  and  participate  in  this  GDR,  are 
ongoing  and  confirm  indeed  this  need  of  federation  of  researchers  actively 
working  on  developing  Green's  functions  theory.                    

3. Linear and non-linear optics                                                              
In the last years, the theoretical development of linear and, above all, non-linear 
optics,  has  known  an  increasing  activity,  especially  in  France.  Both  density 
[Nature Materials 11, 148 (2012)] and Green's functions approach [Phys. Rev. B 
88,  235113  (2013)]  have known  important  developments  and  applications  to 
solids.  For  what  concerns  the  applications  on  molecules,  the  chemistry 
community has been very active in the application of TDDFT for photovoltaics 
and photocatalysis (groups of Denis Jacquemin in Nantes, Carlo Adamo in Paris, 
Valérie Brenner in Saclay). Finally it is worth noticing that another community, 
active in the  development and applications of  linear and non-linear response, 
has agreed to participate to the GDR, namely the physicists of isolated atoms 
(under  intense  laser  fields).  After  a  brief  discussion  on  the  topic,  with  Henri  
Bachau from the University  of  Bordeaux and Paul-Antoine Hervieux from the 
University of Strasbourg, it was decided that the activity "optics of atoms under  
laser fields", normally studied with the Time-Dependent Schrodinger equation, 
was to be inserted in the present activities of the GDR and will constitute a third 
federative line: physics of atoms vs chemistry of molecules vs physics of solids 
for linear and non-linear optical properties. 

The  main  objective,  as  it  comes  out  from  these  three  federative  actions,  is 
represented  by  the  theoretical  development.  This  main  goal  will  benefit  from  the 
important  synergy  that  we  would  like  to  create,  within  the  GDR  research  groups, 
synergy that will be also sustained and helped by the active participation of a research 
group  of  mathematicians,  and  by  the  participation  of  the  laboratory  Maison de la 
Simulation: i) the group of mathematicians in Cermics, coordinated by Eric Cances, has 
been very active in a large variety of methodological developments for the electronic 
structure calculations. Eric Cances is also member of the bureau. ii) the Maison de la 
Simulation is a mixed laboratory, directed by Edouard Audit, whose main objective is to 
help  the  research  community  in  a  more  efficient  use  of  the  new  highly  parallel  
machines.  In  view  of  the  high  degree  of  theoretical  developments,  algorithm 
optimization and code implementation, we consider the participation of the group of Eric 



Cances and the Maison de la  Simulation as a crucial added value for the objectives of 
the GDR REST.

Complementarity with other research programmes

Two  other  GDR's  are  actually  running  and  might  present  some  similarities  with 
REST: 

• the first  one is ModMat,  coordinated by Guy Tréglia and Christine Goyhenex, 
whose main objective is represented by materials applications. Multi-scale and 
statistical  approaches  are  used  to  tackle  problems  of  system  modelisation, 
analysis, and structure. In this respect, there's an almost perfect orthogonality 
between  ModMat  (ground-state,  multi-scale,  applications  driven)  and  REST 
(excited states, fundamental level, driven by theoretical developments).

• the  second  is  Correl,  coordinated  by  Michel  Caffarel,  and  devoted  to 
methodological developments for chemistry applications. This GDR is very well 
centered on the quantum chemistry methods to the study of correlated materials 
(open shell atoms and molecules, strongly correlated solids). The possible links 
with  REST  are  multiple  (theoretical  development,  application  on  solids,  both 
chemistry and physics communities involved), but the main objectives remains 
well  separated:  Correl  insists  on  the  crucial  need  for  the  French  chemistry 
community  of  a  structural  and  federal  guiding  force,  REST  aims  at  putting 
together communities which are/were historically separated, but unified under a 
very precise and important subject: the excited-states spectroscopy of variety of 
systems (for both weakly and strongly correlated systems, for valence and core 
electrons, etc.). We are, of course, going to exploit the similarity between the two 
GDRs, where applicable, for instance in the theoretical development spirit, or in 
the use of DFT as starting point for many approaches (Green's function theory or 
quantum  chemistry  approaches)  with  regular  exchanges,  during  the  different 
activities (either in the thematic discussions or in the general meetings). These 
exchanges will be natural thanks to the presence of researchers coming from the 
GDR Correl community in the committee (Emmanuel Fromager, Julien Toulouse, 
Silke Biermann).



Composition of the "Bureau"

The Committee, a.k.a. the Bureau, is composed by researchers active in theoretical 
developement and/or software development.  CEA,  CNRS,  and  University institutions 
are represented.  People representing the different communities are present in the 
Bureau,  for example,  two members comes from the core excitations,  two from the 
chemistry community,  two comes from the strong correlations community,  one from 
mathematics. 

● Brice Arnaud
Many-body theory (GW and BSE). Electron-phonon coupling and coherent 
phonon generation.

● Claudio Attaccalite
Ab initio many-body theory. Linear and non-linear optics with Bethe-Salpeter 
equation. Responsible for the federative action on non-linear optics.

● Silke Biermann
Dynamical Mean Field Theory and connection with Green's function GW. 
Responsible for the federative action on weak vs strong correlations. 

● Florent Boucher
Ab initio and semi-empirical calculations of valence and core electrons 
excitations. 

● Fabien Bruneval
Many-Body Perturbation Theory: Developments and Applications on finite and 
infinite systems with defects. Responsible for the transversal axis on 
implementations and optimization.

● Delphine Cabaret
Core electrons excitations: developments and applications. Responsible for the 
federative action between valence and core electrons community.

● Eric Cances
Mathematical developments for several aspects of DFT and MBPT. 
Responsible for the transversal axis on implementations and optimization.

● Emmanuel Fromager
Theoretical development for electron correlation, in both ground and excited 
states, in molecular systems that contain heavy elements. Connection with the 



GDR Correl community.

● Sebastien Lebegue
Electronic structure calculations: topological analysis and electric properties.

● Pina Romaniello
Fundamental theoretical developments, from model systems to application on 
Green's function theory and TDDFT. Responsible for the federative action on 
weak vs strong correlations.

● Francesco Sottile
Theoretical development on Green's functions theory (BSE). Exciton and 
plasmon dispersion. Responsible for the federative action valence vs core 
electrons excitations.

● Julien Toulouse
Theoretical development on quantum chemistry approaches and Green's 
functions theory (BSE). Connection with the GDR Correl community.

● Hans-Christian Weissker
Applications of Many-Body theory and TDDFT, especially loss spectroscopy, for 
solids and nanocrystallites.

Projects and Training

In order to tackle the aforementioned objectives, we have planned a series of precise 
actions during the four years of the GDR: 

• Two General Meetings, in 2016 and 2018. The goal is to gather the whole community 
and to discuss the different topics covered by the GDR.  

• Three  Discussion  Meetings,  to  be  held  in  2015  and  2017,  aiming  at  stimulating 
constructive discussions,  collaborations,  and knowledge exchange among a selected 
group  of  theoreticians.  These  discussion  meetings  have  already  proved  their 
effectiveness in previous programs. 

• School  on Theoretical  Spectroscopy,  to be held in 2017.  Seven to ten days entirely 
devoted  to  theoretical  spectroscopy,  targeting  young  researchers  in  the  fields,  from 
Master level to post-docs. The school is conceived such to have theoretical lectures in 
the morning and practical computer hands-on in the afternoon. Topics to be covered: 
TDDFT, linear response, GW, BSE, multiplets, QMC, DMFT. The school will benefit from 
the participation  of  the Maison de la  Simulation,  whose contribution will  focus on:  i) 
optimization  and  parallelization  procedures;  ii)  effective  use  of  national  computing 
facilities (IDRIS, CCRT, TGCC, CINES).        

• Parallel to this, the bureau will  meet twice/year,  physically or in video-conference, for 
general discussions/decisions. 



Budget

The budget management as planned below is based on the total amount of 114 k€ 
and covers: i) the basic expenses of the general + discussion meetings, in addition to  
some fellowship for selected young participants; ii) the participation to the GDR school 
on theoretical spectroscopy; iii) selected fellowships for small duration stays of young 
researchers  into  GDR  laboratories,  to  favor  communication  and  mobility;  iv)  some 
fellowships  to  permit  some Master  and PhD students  to  participate  to  national  and 
international  training  events,  like  for  instance  the  CECAM  schools.  The  details  are 
reported below.

2015 

Discussion 
Meetings

People Involved Cost/person
Lodging 
Reinbursements

Auxiliar costs 
for the GDR

Total

First Discussion 
Meeting

15 200,00 € 1 000,00 € 1 000,00 € 5 000,00 €

Second 
Discussion 
Meeting

15 200,00 € 1 000,00 € 1 000,00 € 5 000,00 €

Total 10 000,00 €

Funding for Researchers participating to Schools and Workshop 2 000,00 €

CNRS Contrib. CEA Contrib.

Total for 2015 :: 12000 € 6 000,00 € 6 000,00 €

2016

General Meeting People Involved Cost/person
Lodging 
Reinbursements

Auxiliar costs 
for the GDR

Total

65 400,00 € 4 000,00 € 4 000,00 € 34 000,00 €

Total 34 000,00 €

Funding for Researchers participating to Schools and Workshop 2 000,00 €

CNRS Contrib. CEA Contrib.

Total for 2016 :: 36000 € 30 000,00 € 6 000,00 €



2017

Discussion 
Meetings

People Involved Cost/person
Lodging 
Reinbursements

Auxiliar costs 
for the GDR

Total

Third Discussion 
Meeting

15 200,00 € 1 000,00 € 1 000,00 € 5 000,00 €

Total 5 000,00 €

School on Theoretical 
Spectroscopy

People Involved Cost/person
Lodging 
Reinbursements

Auxiliar costs 
for the GDR

Total

30 500,00 € 4 000,00 € 4 000,00 € 23 000,00 €

Total 23 000,00 €

Funding for Researchers participating to Schools and Workshop 2 000,00 €

CNRS Contrib. CEA Contrib.
Ecole Polytechnique 
Contrib.

Total for 2017 :: 30000 € 19 000,00 € 6 000,00 € 5 000,00 €

2018

General Meeting
People 
Involved

Cost/person
Lodging 
Reinbursements

Auxiliar costs 
for the GDR

Total

65 400,00 € 4 000,00 € 4 000,00 € 34 000,00 €

Total 34 000,00 €

Funding for Researchers participating to Schools and Workshop 2 000,00 €

CNRS Contrib. CEA Contrib.

Total for 2018 :: 36000 € 30 000,00 € 6 000,00 €

TOTAL CNRS 
Contribution

CEA 
Contribution

Ecole Polytechnique
 Contribution

Total Budget :: 114000 € 85000 € 24000 € 5000 €

We  have  already  obtained  24  k€  from  the  CEA-DAM  and  the  CEA-Programme 
Transverse. We have planned to ask 5 k€ to the Ecole Polytechnique (budget request to 
be done before June 2014 at the DGAR of the Ecole), in order to sustain a specific 
action (the school on Theoretical Spectroscopy). 
We ask then to the CNRS the most important contribution, i.e. 85 k€.


