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1) Summary (up to one page) : 

The “Gauge/Gravity Duality 2015” conference has been held at the Galileo Galilei Institute for Theoretical Physics (GGI), Florence on April 13-17, 2015. It has been the last edition of a series of bi-annual meetings of the European Science Foundation network HoloGrav. Its main focus has been the ``holographic correspondence” - the mapping between quantum field theories and higher dimensional theories of gravity – which can be used as a tool to understand strongly interacting systems describing relevant phenomena in nature. Counting with the participation of many of the top world experts in the field, the conference has succeeded in grouping an international community of theoretical physicists, in providing an overview and assessment of recent progress and in identifying priorities and coordinate efforts, to better understand strongly coupled phenomena by means of holographic methods. The conference has included 16 talks by invited speakers as well as 56 presentations by registered participants. World-renewed scientists together with very young brilliant researchers have presented their recent results. The conference has counted 125 participants from all over the world and it has been part of an extended Workshop on “Holographic Methods for Strongly Coupled Systems”, running from March 9 to April 30 at GGI.
2) Description of the scientific content of and discussions at the event (up to four pages): 

Many of the fundamental outstanding questions in modern theoretical physics involve strongly coupled systems, which require going beyond traditional paradigms based on standard weakly interacting quasiparticles.  Strongly coupled quantum field theories are, in fact, at the basis of our current description of many relevant phenomena in Nature.  In the realm of particle physics the prototypical example is provided by quantum chromodynamics (QCD), the fundamental theory of quarks and gluons. QCD becomes strongly coupled at low energies and as a result, both its hadronic and its deconfined quark-gluon plasma phases - in the temperature ranges relevant for current heavy ion collision experiments - as well as its finite density phases (relevant at the core of neutron stars) require non-perturbative theoretical descriptions. A first-principle approach to QCD at strong coupling is provided by a reformulation of the theory on Euclidean lattices and by the use of numerical Monte Carlo methods. This technique, powerful for what concerns the study of some equilibrium properties, has still severe limitations for what concerns the analysis of real-time dynamical issues or the study of finite quark density regimes.  Strongly coupled field theories also appear in the hidden sectors of various theoretical speculations on high energy completions of the Standard Model for elementary particles. This is the case, for example, of technicolor or dynamical supersymmetry breaking models.  Other paradigmatic examples, of high technological relevance, arise in the realm of condensed matter physics. Quantum critical systems, superconductors with a high critical temperature, ultracold Fermi gases at unitarity, quantum Hall systems, strange metals, all appear to evade most of the traditional paradigms (e.g. Landau-Fermi liquid or BCS theories) based on sharp quasiparticles or weakly coupled degrees of freedom. It is thus extremely urgent to develop novel theoretical frameworks in which these systems can be modeled and analyzed. 

The Conference has provided novel contributions towards facing these challenges, by bringing together many of the top experts in that promising powerful technique, introduced 17 years ago, which goes under the name of AdS/CFT correspondence, often referred to as holography or gauge/gravity duality. The latter is founded on a proposed duality map between ordinary quantum field theories and higher dimensional models of gravity. Remarkably, this allows suitably defined regimes where a quantum field theory is strongly interacting, to be described by means of a classical, weakly coupled, gravitational theory. In this way, hardly solvable quantum problems are mapped into easier, classical ones in the dual description. Very powerful techniques have been further developed to extend this duality beyond the classical gravity regime, relying on integrable structures uncovered both in field theory and in string theory. This allows for the exact computation of relevant observables, such as spectra of anomalous dimensions of operators. Moreover, novel relations between field theory quantities have been discovered with the aid of the AdS/CFT correspondence, such as the connection between scattering amplitudes and Wilson loops. 

Holographic methods complement other established non perturbative tools, in that they are well suited to study not only equilibrium physics but also real-time processes, phases with non zero fermionic densities, transport coefficients and response to perturbations. Moreover they offer simple geometrical pictures of dynamical processes at strong coupling. The models for which they can be systematically employed (that is for which a precise one-to-one map between field theory and the corresponding gravity model is known) are still limited to idealized versions of realistic field theories. Finding more faithful duals of QCD-like theories, for example, will require the control on the quantum string theory completion of the corresponding gravity models. Progresses in this field are desirable. 

At the same time, as largely demonstrated during the Conference, a more practical approach is emerging. It consists in using holographic methods to produce novel effective theories. Once the main symmetries and order parameters of a quantum field theory process are identified, they are translated in a dual gravity model, from which computations are extracted. This strategy is producing unique remarkable results, for example on the account of the transport properties of the quark- gluon plasma examined in heavy ion collision experiments at RHIC and LHC. The same strategy is also the guideline for the very recent applications of the correspondence to advanced materials and condensed matter phases around quantum critical regions. As it has been shown during the Conference, many efforts are being devoted to extend these methods to larger classes of phenomenologically relevant models with the aim to study not only equilibrium properties (phase space structures, spectra and so on) but also non-equilibrium ones (thermalization, response to quantum quenches, transport). Information about the latter is emerging from experiments only in the last decade, and their analysis is one of the most important challenges for theoretical physics. 

Driven by these motivations, the Gauge/Gravity Duality 2015 conference has succeeded in grouping the international community of theoretical physicists to identify priorities and coordinate efforts to better understand strongly coupled phenomena by means of holographic methods.  
3) Assessment of the results and impact of the event on the future directions of the field (up to two pages)

Most of the results discussed during the Conference, and their possible impact on the future directions on the field can be grouped in the following subjects.

- Holography and QCD.

The use of holography has provided great amount of insight into the high temperature and density regime of QCD, by studying theories that share many of the properties of QCD, but for which a gravity dual is readily available, and that can be used to look for universal properties, and general guidance, beyond the regime where perturbation theory and  lattice results are fully reliable.

Concerning the many applications to QCD physics, relevant issues include holographic ``top-down" models (i.e. models which are systematically embedded in string theory) as well as effective (``bottom-up") holographic theories, aimed to describe phases of QCD (both at zero and at finite temperature and density) with a special focus on chiral symmetry breaking, hadronic physics and dynamical flavor effects. 

- Holography and condensed matter.

The holographic approach has also been recently employed for the promising applications to lower dimensional models for condensed matter. Traditional tools, based on weakly interacting quasiparticles, such as Landau-Fermi liquid theory and BCS theory, provide extremely successful descriptions of standard materials. However, these standard methods do not give reliable theoretical descriptions of unconventional systems for which, thus, a quasiparticle interpretation is lacking. The physics of many such systems, is expected to be governed by theories in the vicinity of scale-invariant quantum critical points, the most famous example being that of strange metals and high-T_c superconductors.

Many attempts to use the AdS/CFT approach to model strongly coupled condensed matter systems have been shown during the Conference. Transport properties, such as conductivity, have then been extracted holographically.

Remarkably, the use of holography has brought to the discovery of completely new classes of non-Fermi liquids and marginal Fermi liquids. They enlarge the family of theoretical models of strongly interacting fermions. Moreover, in a few cases they share some interesting properties with actual unconventional materials. It is possible that this line of research will uncover some aspects of the mechanisms responsible for the ``strange'' behavior of some unconventional metals.  

Holographic approaches to topological insulators and quantum Hall devices, just to mention a few systems, have been also considered. These progresses  are still ongoing and the recently introduced models need to be improved towards phenomenological applications.

As a notable related issue, relevant works have been presented during the Conference where holography is used to understand the entanglement entropy of quantum field theories.

- Holography and out of equilibrium physics

Holographic methods find remarkable applications in the study of non-equilibrium physics of strongly coupled quantum field theory models. In most of the cases they actually emerge as the unique available tools. The evolution of a QFT perturbed away from thermodynamical equilibrium is mapped into the dynamics of classical fields in black hole backgrounds. Exploration of black hole geometries which are holographically dual to strongly coupled plasmas/fluids, has unveiled deep relations between Navier-Stokes equations on a fixed background, and Einstein's equations in one dimension higher. This ``fluid-gravity" correspondence, while retaining its original motivation as a model for strongly coupled plasmas (as observed in ALICE), has now been developed into a much sharper, conceptual tool. In particular, the general holographic relation between fluids and gravity, has potential implications/restrictions for the behavior of gravity at short distances (``stringy'' scales). Going the other way, the correspondence has allowed to write down new, more general effective theories for strongly coupled fluids. 

The correspondence has been exploited in the hydrodynamic regime (long-wavelenght fluctuations around equilibrium) and beyond. In the first case, holographic studies have provided direct access to transport coefficients of strongly interacting plasmas. In the second case they have offered a unique opportunity to model the evolution of a quantum system towards equilibrium (thermalization) as well as its response to quantum quenches. From the holographic point of view non-stationary spacetimes or colliding shock waves, describing the formation of a black hole, have been considered accordingly. 

- Holography and Information.

Recently there has been considerable interest in how entanglement in a quantum field theory manifests in the AdS/CFT Correspondence. On one side quanta are entangled whilst on the other classical fields are not. It has been suggested that quanta are linked in the gravity dual by worm holes and some explicit examples have been constructed. These ideas have deep implications for whether information is lost in black hole formation and evaporation and holography is providing real insight. Another strand of this work has been the gravity dual description of entanglement entropy in field theory through the computation of minimal areas in gravitational backgrounds. 

- More formal developments.

While it is important to orient holographic techniques towards phenomenologically relevant systems, it is mandatory to explore the correspondence at its roots, with the hope of providing novel validity checks and of discovering new unexpected relations between gravity, string and quantum field theories. This is often a very difficult task which requires, for example, dressing the quantum field theory models under study by some special property (like supersymmetry) which allows to perform computations at strong coupling. Relevant results on supersymmetric gauge theories as well as theories where supersymmetry is dynamically broken have been shown at the Conference.
- Annexes 4a) Programme of the meeting with full list of speakers

Monday, April 13
09:00 Nabil Iqbal, Electric fields and quantum wormholes 

09:40 Richard Davison, Transport in holographic systems with momentum dissipation 
10:50 Leopoldo Pando Zayas, Disorder in AdS/CFT 

11:20 Daniel Arean, Holographic Charged Impurities 

11:50 Davide Forcella, Electromagnetic properties of charged viscous fluids: from string theory to electrons 

12:20 Elias Kiritis, Holographic Conductivity: Insulators, Supersolids, and scaling 
14:20 Nathan Seiberg, Generalized Global Symmetries 

15:00 Matteo Bertolini, The Holographic Goldstino 

15:40 Micha Berkooz, Rigid Holography and the 6D (2,0) CFT on AdS5*S1 
16:40 Matti Jarvinen, Quark mass in backreacted holographic QCD 

17:10 Pietro Colangelo, Nuclear shadowing in the holographic framework 
17:40 Stanley Brodsky, Light-Front Holography and New Advances in Nonperturbative QCD 
Tuesday, April 14
09:00 Shiraz Minwalla, The Membrane Paradigm at large D
09:40 Cristopher Herzog, Entanglement Entropy and Boundary Terms: Two Short Stories 
10:50 Alberto Zaffaroni, Twisted index of 3d gauge theories 

11:20 Kristan Jensen, A menagerie of non-relativistic physics 

11:50 Silvia Penati, BPS Wilson loops and an exact result for the Bremmstrahlung function in ABJM model 

12:20 Achilleas Passias, Supersymmetric AdS(5) solutions of massive type IIA supergravity 

- Parallel Session A
14:20 Takaaki Ishii, Turbulent strings in AdS/CFT 

14:50 Mike Blake, Holographic Charge Oscillations 

15:20 Anton Faedo, Holographic three-dimensional YM with compressible matter 

16:20 Niko Jokela, Universal properties of cold holographic matter 

16:50 Dimitrios Zoakos, Flux and Hall states in Chern-Simons matter theories with flavor 

17:20 Jelle Hartong, Horava-Lifshitz Gravity from Dynamical Newton-Cartan Geometry

- Parallel Session B
14:20 Guy de Teramond, Superconformal Quantum Mechanics and Emerging Holographic QCD 
14:50 Alfonso Ballon-Bayona, Pion resonances in Holographic QCD 

15:20 Michael Lublinsky, All order linearized hydrodynamics from fluid-gravity correspondence 

16:20 Rene Meyer, Holographic Superconductors in Helical Backgrounds and Homes' Relation 

16:50 Jie Ren, On Holographic Insulators and Supersolids 

17:20 Dmitri Khveschenko, Analogue holographic correspondence in optical metamaterials 
Wednesday, April 15
09:00 Charlotte Kristjansen, Holographic Quantum Hall Ferromagnetism 
09:40 Dam Thanh Son, Is the composite fermion a Dirac particle? 
10:50 Gianluca Grignani, Holographic graphene bilayers 

11:20 Valentina Giangreco Puletti, Monopoles and magnetic oscillations in holographic liquids 
11:50 Daniele Musso, Diffusion and incoherence 

12:20 Umut Gursoy, Semiholography, conductivity and Ward identities 
- Parallel Session A

14:20 Daniel Fernandez, Entanglement entropy associated to a far-from-equilibrium energy flow 

14:50 Andrea Amoretti, Holographic magneto-transport and strange metals 

15:20 Natalia Pinzani Fokeeva, Testing the membrane paradigm with holography 

16:20 Yunseok Seo, Thermoelectric Conductivities at Finite Magnetic Field and the Nernst effect 

16:50 Matteo Baggioli, Electron-Phonon interactions, MIT and Holographic Massive Gravity 

17:20 Fabio Franchini, Spontaneous Breaking of U(N) symmetry in invariant Matrix Models

- Parallel Session B
14:20 Roberto Auzzi, The local renormalization group equation in superspace 
14:50 Eduardo Conde Pena, Looking for an on-shell regulator 

15:20 Debajyoti Sarkar, Holographic Representation of Bulk Fields and Locality in (A)dS 
16:20 Benjamin Assel, Fermi gas formulation for D-type quivers 
16:50 Yegor Korovin, Scale vs. Conformal Invariance in Holography with Higher Derivative Corrections 
17:20 Mario Flory, Entanglement entropy in a holographic model of the Kondo effect. 

Thursday, April 16

09:00 Robert Myers, Quantum quenches & holography 

09:40 Alice Bernamonti, Holographic entanglement entropy in excited states from 2d CFT 
10:50 Ben Craps, Holographic thermalization and AdS instability 

11:20 Amos Yarom, Black brane steady states 

11:50 Masanori Hanada, Chaos in the matrix model, and formation and evaporation of a black hole 
12:20 Andrei Parnachev, Holographic topological entanglement entropy and ground state degeneracy
14:20 Paul Romatschke, Simulations of BH Collisions in AdS5 
15:00 Alex Buchel, Equilibration rates in a strongly coupled nonconformal quark-gluon plasma 
15:40 Koenrad Schalm, A more realistic thermalization scenario in holography 
16:40 Johanna Erdmenger, Holographic Kondo defects and universality in holographic superconductors with broken translation symmetry 

17:10 Sang-Jin Sin, Holographic spin fluctuation and competition of two orders 
17:40 Andrew O’Bannon, A Monotonicity Theorem for Two-dimensional Boundaries and Defects  
Friday, April 17
09:00 Monica Guica, Behind the geon horizon 

09:40 Vijay Balasubramanian, Entwinement and the emergence of spacetime 
10:50 Niels Obers, Torsional Newton-Cartan geometry in Lifshitz holography and non-relativistic field theories 
11:20 Marco Caldarelli, How far can we push the AdS/Ricci-flat correspondence? 
11:50 Ioannis Papadimitriou, AdS black hole thermodynamics with scalar hair 
12:20 Blaise Gouteraux, From strange metals to black holes and back: effective theories of thermoelectric transport 
14:20 Marika Taylor, Entanglement and differential entropy for massive flavors 
15:00 Jan de Boer, Effective actions for fluids from holography 
15:40 Matthew Lippert, Position space analysis of the AdS (in)stability problem 
16:40 Keun-Young Kim, A Simple Holographic Superconductor with Momentum Relaxation 
17:10 Troels Harmark, Spin Matrix theory as a model for the AdS/CFT correspondence 
17:40 Jacob Sonnenschein, Stringy hadrons 

Note: invited speakers: Vijay Balasubramanian, Matteo Bertolini, Alice Bernamonti, Alex Buchel, Richard Davison, Jan de Boer, Monica Guica, Christopher Herzog, Nabil Iqbal, Charlotte Kristjansen, Shiraz Minwalla, Robert Myers, Paul Romatschke, Nathan Seiberg, Marika Taylor, Dam Thanh Son.
Annex 4b: full list of participants

AMADO, Irene Technion ISRAEL

AMMON, Martin University of Jena GERMANY

AMORETTI, Andrea University of Genoa and Leiden University ITALY

AREAN, Daniel Max-Planck-Institut GERMANY

ARGURIO, Riccardo Universite Libre de Bruxelles BELGIUM

ASSEL, Benjamin King's College UNITED KINGDOM

AUZZI, Roberto Universita' Cattolica del Sacro Cuore ITALY

BAGGIOLI, Matteo Universitat Autonoma de Barcelona & Insitut Fisica d'altes Energies SPAIN

BAKAS, Ioannis National Technical University GREECE

BALASUBRAMANIAN, Vijay Pennsylvania U. & CUNY, Graduate School - U. Ctr. UNITED STATES OF AMERICA

BALLON-BAYONA, Alfonso University of Porto PORTUGAL

BELLANTUONO, Loredana Universita' di Bari e INFN - Sezione di Bari ITALY

BERKOOZ, Micha Weizmann Institute of Science ISRAEL

BERNAMONTI, Alice KU Leuven BELGIUM

BERTOLINI, Matteo SISSA ITALY

BIGAZZI, Francesco INFN, Pisa ITALY

BLAKE, Mike DAMTP UNITED KINGDOM

BRODSKY, Stanley J. SLAC National Accelerator Laboratory, Stanford University USA

BUCHEL, Alex Western University/Perimeter Institute CANADA

CALDARELLI, Marco University of Southampton UNITED KINGDOM

CAPPELLI, Andrea INFN ITALY

COLANGELO, Pietro INFN - Sezione di Bari ITALY

CONDE PENA, Eduardo Universite Libre de Bruxelles BELGIUM

COTRONE, Aldo Lorenzo University of Florence ITALY

CRAPS, Ben Vrije Universiteit Brussel BELGIUM

DAVISON, Richard Leiden University NETHERLANDS

DE BOER, Jan University of Amsterdam NETHERLANDS

DE TERAMOND, GUY University of Costa Rica COSTA RICA

DEMPSTER, Paul Seoul National University REPUBLIC OF KOREA

DJURIC, Marko University of Porto PORTUGAL

DOSCH, Hans Guenter Inst. f. Theoretische Physik d. Univ. Heidelberg GERMANY

ERDMENGER, Johanna Max Planck Institute for Physics GERMANY

EVANS, Nicholas University of Southampton UNITED KINGDOM

FAEDO, Anton University of Barcelona SPAIN

FERNÃNDEZ, Daniel Max Planck Institute for Physics in Munich GERMANY

FILEV, Veselin Dublin Institute for Advanced Studies IRELAND

FLORY, Mario Max-Planck-Institut fur Physik GERMANY

FORCELLA, Davide Universite Libre de Bruxelles BELGIUM

FRANCHINI, Fabio Florence University ITALY

GALLI, Federico KU Leuven BELGIUM

GALSTYAN, Irina Stockholm University SWEDEN

GARCIA GARCIA, Antonio Cambridge Univeresity SPAIN

GHODRATI, Mahdis University of Michigan UNITED STATES OF AMERICA

GIANGRECO PULETTI, Valentina University of Iceland ICELAND

GODET, Victor Ecole Polytechnique FRANCE

GOUTERAUX, Blaise Stanford University and APC, CNRS UNITED STATES OF AMERICA

GRIGNANI, Gianluca University of Perugia ITALY

GRIGUOLO, Luca DIFEST, University of Parma ITALY

GUICA, Monica Uppsala University SWEDEN

GURSOY, Umut Utrecht University NETHERLANDS

HANADA, Masanori Kyoto University, Stanford University JAPAN

HARMARK, Troels Niels Bohr Institute DENMARK

HARTONG, Jelle Universite Libre de Bruxelles BELGIUM

HERZOG, Christopher Stony Brook University UNITED STATES OF AMERICA

HOYOS, Carlos Oviedo University SPAIN

IHL, Matthias CFP, Universidade do Porto PORTUGAL

IQBAL, Nabil University of Amsterdam NETHERLANDS

ISHII, Takaaki University of Crete GREECE
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JENSEN, Kristan C.N. Yang Institute for Theoretical Physics (SUNY Stony Brook) UNITED STATES OF AMERICA
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JOKELA, Niko University of Helsinki FINLAND

KAPLIS, Nikolaos Lorentz Institute NETHERLANDS

KESKI-VAKKURI, Esko University of Helsinki FINLAND

KHVESHCHENKO, dmitri university of north carolina UNITED STATES OF AMERICA
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