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Introduction to the Volume

Roberta Citro and Ferdinando Mancini

Abstract A brief introduction on the content of the Volume with a summary of
the main topics for each Chapter is reported. The Volume covers the physics of
correlated systems out of equilibrium from a theoretical, numerical and computa-
tional point of view. It also contains training sessions, which could be beneficial to
researchers approaching the field of nonequilibriummany-body systems. The readers
will strongly benefit from the different overviews.

1.1 Introduction

In the last decade, novel pathways to explore correlated materials have been devised,
ranging from hetero- and nano-structuring to the possibility to detect measurements
of the real-time evolution of samples brought out of equilibrium by an external
stimulus. The latter is what happens in pump-and-probe spectroscopies [1], where a
laser excites the system in a non-thermal excited state, and different spectroscopies
(optical, photoemission) are performed at different delays to monitor the evolution
of the system and its relaxation to equilibrium. These approaches have been used to
explore a variety of properties of strongly correlated materials with a particular focus
onhigh-temperature superconductors, addressing, the electron-boson coupling [2–4],
the condensate dynamics [5], the phonon response [6, 7], the quasiparticle dynamics
[8, 9], the high-energy dynamics of the pseudogap and of theMott gap [10–12]. Last,
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but not least, we mention experiments where excitation of lattice degrees of freedom
can induce remarkable non-equilibrium phenomena [13–15].

On the other hand, various protocols can be used to study the non-equilibrium
dynamics in cold-atoms systems [16, 17]. The main difference between actual solids
and cold-atom systems is that the latter can reasonably be described as closed quan-
tum systems, while in the former the electronic fluid is coupled with the environment
and it can therefore dissipate the energy accumulated during the excitation process.

The fast developments of these experimental techniques have triggered the devel-
opment of theoretical methods to study correlated fermions out of equilibrium. How-
ever, since the solution of the problem of many interacting electrons is notoriously a
very hard problem, we can not hope to obtain exact solutions for the time-dependent
properties except for very small systems which allow for an exact diagonalization of
the Hamiltonian matrix. This Volume intends to introduce the readers to some of the
approaches which have been introduced to study correlated systems, extended out
of equilibrium. Among them one can quote the more analytical approaches based on
non-equilibrium Green’s function formalism and the mean-field type of approaches.
Among the most successful, one can mention the Density-Matrix Renormalization
Group (DMRG) [18] and the Dynamical Mean-Field Theory (DMFT) [19]. The
DMRG works particularly well in one spatial dimension, a situation which can cer-
tainly be simulatedwith ultracold atomswhile theDMFT,which becomes exact in the
limit of infinite coordination, has been shown to reasonably describe the properties
of three-dimensional systems.

Chapter 1 focuses on some “mean-field” approaches who share some conceptual
similarities with DMFT and they can in fact be seen as simplified versions of DMFT.
Among these, are discussed methods based on slave particles (slave bosons [20–22],
slave rotors [23], slave spins [24]) and the methods based on the Gutzwiller wave
approximation, which is equivalent to saddle point of the slave-boson approach. In
particular, the focus will be on the Gutzwiller method, which has been applied to
several non-equilibrium problems in the last few years. In order to better assess the
quality of the Gutzwiller solution, the Chapter also addresses the comparison with
DMFT results for the same problems. Thus a brief introduction on DMFT is also
present, mainly to convince the reader that the Gutzwiller approximation can be
viewed as a simplified version of the more accurate DMFT.

Chapter2 starts from the description of the real-timeGreens functions, which pro-
vide a rigorous framework to interpret electronic structure out of equilibrium. After-
wards the Keldysh formalism and its relation to the description of non-equilibrium
states in terms of kinetic equations is introduced. Finally the non-equilibrium DMFT
theory and some of its applications are largely discussed. The focus will be on
photo-induced states in Mott insulators, which provides a paradigm example for a
non-equilibrium system where well-defined quasiparticles are not established.

The goal of Chap.3 is to illustrate connections between two widely used, but
often separately adopted approaches to deal with quantum systems out of equilib-
rium, namely quantum master equations and nonequilibrium Green’s functions. In
particular, the paradigmatic case of the Anderson impurity model out of equilibrium
is described and its description from one approach to the other is discussed.
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At the end of the chapter, is shown how the best of the master equations versus the
Green’s function approach can be combined to obtain a highly accurate solution of
this model, which resolves the nonequilibrium Kondo physics down to temperatures
well below the Kondo scale.

As a training session, this Chapter is largely devoted to an introduction to the
Lindblad quantummaster equation based on standard treatments, as well as methods
to solve this equation.

References

1. C. Giannetti, M. Capone, D. Fausti, M. Fabrizio, F. Parmigiani, D. Mihailovic, Ultrafast optical
spectroscopy of strongly correlated materials and high-temperature superconductors: a non-
equilibrium approach. Adv. Phys. 65(2), 58–238 (2016)

2. S. Dal Conte, C. Giannetti, G. Coslovich, F. Cilento, D. Bossini, T. Abebaw, F. Banfi, G.
Ferrini, H. Eisaki, M. Greven, A. Damascelli, D. van der Marel, F. Parmigiani, Disentangling
the electronic and phononic glue in a high-Tc superconductor. Science 335(6076), 1600–1603
(2012)

3. M. Sentef, A.F. Kemper, B. Moritz, J.K. Freericks, Z.-X. Shen, T.P. Devereaux, Examining
electron-boson coupling using time-resolved spectroscopy. Phys. Rev. X 3, 041033 (2013)

4. S. Dal Conte, L. Vidmar, D. Golez, M. Mierzejewski, G. Soavi, S. Peli, F. Banfi, G. Ferrini,
R. Comin, B.M. Ludbrook, L. Chauviere, N.D. Zhigadlo, H. Eisaki, M. Greven, S. Lupi, A.
Damascelli, D. Brida, M. Capone, J. Bonca, G. Cerullo, C. Giannetti, Snapshots of the retarded
interaction of charge carriers with ultrafast fluctuations in cuprates. Nat. Phys. 11, 421–426
(2015)

5. B.Mansart, J. Lorenzana,A.Mann,A.Odeh,M.Scarongella,M.Chergui, F.Carbone,Coupling
of a high-energy excitation to superconducting quasiparticles in a cuprate from coherent charge
fluctuation spectroscopy. Proc. Nat. Acad. Sci. 110(12), 4539–4544 (2013)

6. F. Novelli, G. De Filippis, V. Cataudella, M. Esposito, I. Vergara, F. Cilento, E. Sindici, A.
Amaricci, C. Giannetti, D. Prabhakaran, S. Wall, A. Perucchi, S. Dal Conte, G. Cerullo, M.
Capone, A. Mishchenko, M. Grüninger, N. Nagaosa, F. Parmigiani, D. Fausti, Witnessing the
formation and relaxation of dressed quasi-particles in a strongly correlated electron system.
Nat. Commun. 5, 5112 (2014)

7. F. Novelli, G. Giovannetti, A. Avella, F. Cilento, L. Patthey, M. Radovic, M. Capone, F. Parmi-
giani, D. Fausti, Localized vibrations in superconducting YBa2Cu3O7 revealed by ultrafast
optical coherent spectroscopy. Phys. Rev. B 95, 174524 (2017)

8. J.D. Rameau, S. Freutel, L. Rettig, I. Avigo, M. Ligges, Y. Yoshida, H. Eisaki, J. Schneeloch,
R.D. Zhong, Z.J. Xu, G.D. Gu, P.D. Johnson, U. Bovensiepen, Photoinduced changes in the
cuprate electronic structure revealed by femtosecond time- and angle-resolved photoemission.
Phys. Rev. B 89, 115115 (2014)

9. C.L. Smallwood, W. Zhang, T.L. Miller, G. Affeldt, K. Kurashima, C. Jozwiak, T. Noji, Y.
Koike, H. Eisaki, D.-H. Lee, R.A. Kaindl, A. Lanzara, Influence of optically quenched super-
conductivity on quasiparticle relaxation rates in Bi2Sr2CaCu2O8+δ . Phys. Rev. B 92, 161102
(2015)

10. C. Giannetti, F. Cilento, S.D. Conte, G. Coslovich, G. Ferrini, H. Molegraaf, M. Raichle, R.
Liang, H. Eisaki, M. Greven, A. Damascelli, D. van der Marel, F. Parmigiani, Revealing the
high-energy electronic excitations underlying the onset of high-temperature superconductivity
in cuprates. Nat. Commun. 2, 353 (2011)

11. F. Cilento, S. Dal Conte, G. Coslovich, S. Peli, N. Nembrini, S. Mor, F. Banfi, G. Ferrini, H.
Eisaki, M.K. Chan, C.J. Dorow, M.J. Veit, M. Greven, D. van der Marel, R. Comin, A. Dam-
ascelli, L. Rettig, U. Bovensiepen, M. Capone, C. Giannetti, F. Parmigiani, Photo-enhanced



4 R. Citro and F. Mancini

antinodal conductivity in the pseudogap state of high-Tc cuprates. Nat. Commun. 5, 4353
(2014)

12. S. Peli, S.D. Conte, R. Comin, N. Nembrini, A. Ronchi, P. Abrami, F. Banfi, G. Ferrini, D.
Brida, S. Lupi, M. Fabrizio, A. Damascelli, M. Capone, G. Cerullo, C. Giannetti, Mottness at
finite doping and charge instabilities in cuprates. Nat. Phys. 13, 806–811 (2017)

13. D. Polli, M. Rini, S. Wall, R.W. Schoenlein, Y. Tomioka, Y. Tokura, G. Cerullo, A. Cavalleri,
Coherent orbital waves in the photo-induced insulator-metal dynamics of a magnetoresistive
manganite. Nat. Mater. 6, 643 (2007)

14. D. Fausti, R.I. Tobey, N. Dean, S. Kaiser, A. Dienst, M.C. Hoffmann, S. Pyon, T. Takayama,
H. Takagi, A. Cavalleri, Light-induced superconductivity in a stripe-ordered cuprate. Science
331(6014), 189–191 (2011)

15. R. Mankowsky, A. Subedi, M. Forst, S.O. Mariager, M. Chollet, H.T. Lemke, J.S. Robinson,
J.M. Glownia, M.P. Minitti, A. Frano, M. Fechner, N.A. Spaldin, T. Loew, B. Keimer, A.
Georges, A. Cavalleri, Nonlinear lattice dynamics as a basis for enhanced superconductivity
in YBa2Cu3O6.5. Nature 516, 71–73 (2014)

16. T.Langen,R.Geiger, J. Schmiedmayer,Ultracold atomsout of equilibrium.Ann.Rev.Condens.
Matt. Phys. 6(1), 201–217 (2015)

17. A. Polkovnikov, K. Sengupta, A. Silva, M. Vengalattore, Colloquium. Rev. Mod. Phys. 83,
863–883 (2011)

18. U. Schollwöck,Thedensity-matrix renormalization group.Rev.Mod. Phys.77, 259–315 (2005)
19. A. Georges, G. Kotliar, W. Krauth, M.J. Rozenberg, Dynamical mean-field theory of strongly

correlated fermion systems and the limit of infinite dimensions. Rev. Mod. Phys. 68, 13–125
(1996)

20. G. Kotliar, A.E. Ruckenstein, New functional integral approach to strongly correlated fermi
systems: the gutzwiller approximation as a saddle point. Phys. Rev. Lett. 57, 1362–1365 (1986)

21. F. Lechermann, A. Georges, G. Kotliar, O. Parcollet, Rotationally invariant slave-boson for-
malism and momentum dependence of the quasiparticle weight. Phys. Rev. B 76, 155102
(2007)

22. A. Isidori, M. Capone, Rotationally invariant slave bosons for strongly correlated supercon-
ductors. Phys. Rev. B 80, 115120 (2009)

23. S. Florens, A. Georges, Slave-rotor mean-field theories of strongly correlated systems and the
mott transition in finite dimensions. Phys. Rev. B 70, 035114 (2004)

24. L. de’ Medici, M. Capone, Modeling Many-Body Physics with Slave-Spin Mean-Field: Mott
and Hund’s Physics in Fe-Superconductors (Springer International Publishing, Cham, 2017),
pp. 115–185


	1 Introduction to the Volume
	1.1 Introduction
	References




