Final Report on the Enrico Fermi  School

Ultra-Cold Fermi Gases

Varenna, June 19-30, 2006

Organizers: Massimo Inguscio (University of Firenze, Italy), Wolgang Ketterle (MIT, Boston, USA) and Christophe Salomon (ENS, Paris, France).
1) Summary 
The Enrico Fermi summer school on ultracold Fermi gases gathered a truly international group of students, lecturers and seminar speakers in the historical Villa Monastero in the spectacular village of Varenna on the Como lake in Italy. It was supported by the Italian physical society, the European program QUDEDIS from ESF, CNRS(France), DOE and NSF (USA). 

During two weeks, 81 students from 25 countries were exposed to the latest developments in experimental and theoretical concepts of this rapidly advancing field of research.  Research leaders in the field delivered 3 or 2 hours lectures while seminar speakers covered in 1 hour the latest developments and 4 students were entitled short oral presentations of their work. Two poster sessions enabled the students to present their ongoing research work and triggered a lot of interaction between them. The overall lecture program (given below in section 4) followed a balanced mix of experimental and theoretical talks. All speakers made a remarkable effort to convey the central concepts, methods and results to be accessible to students. The quality of the local organization, the spectacular surroundings and the time left for discussions and interactions among participants made this school a great success. 
 As was recalled by professor Inguscio in his introduction to the school, it was specially rewarding to hold this school on ultracold Fermi gases in the prestigious Varenna school series named after the great Italian physicist Enrico Fermi who discovered with Paul Dirac the quantum statistics of half integer spin particles. The Fermi-Dirac quantum statistics forbids two fermions to occupy the same quantum state in contrast to Bose statistics for which multiple occupancy is favored leading to the phenomenon of Bose-Einstein condensation at  low temperature. The discovery of Bose-Einstein condensation in dilute bosonic gases in 1995 was followed by remarkable experimental and theoretical developments and gave rise to a Varenna school on Bose-Einstein condensation in 1998 and to a Nobel prize in physics in 2001 to E. Cornell, W. Ketterle and C. Wieman. As all elementary massive particles are made of fermions it was very natural to extend the methods and techniques developed for bosons to search for quantum degeneracy in Fermi gases. This was first achieved in 1999. A spectacular series of experimental and theoretical advances then followed which have been covered in this 2006 Fermi school at a very appropriate time, precisely when the field is in rapid expansion. One can safely anticipate that the field will be very active in the coming decade.
2) Description of the scientific content and of discussion at the event (up to 4 pages)

The research field of interacting fermions is of major interest at the cross-road of several modern problems in quantum physics, solid-state physics, nuclear physics and astrophysics. Therefore this Fermi school has been highly interdisciplinary and students and lecturers with different training and background have obviously benefited from the school by learning concepts and methods of other fields.
Cold Fermi gases constitute simple model systems of interacting fermions where researchers have remarkable control of the system under study. For instance, using a phenomenon called Fano-Feshbach resonance one is able to tune the effective interaction between particles from attractive to repulsive, a feature which is unique to cold atom systems.  As pointed out by several lecturers, one thus expects from cold atom experiments important progress in our understanding of complex strongly interacting quantum systems. The most notable case is that of electrons in condensed matter which are responsible for an immense variety of properties of matter such as high temperature superconductivity, insulators, semi-conductors,….Whereas the interest of high Tc superconductors for applications is enormous, the theoretical understanding of this effect, 20 years after its discovery, remains a major challenge.  Results presented at this school are already shedding new light on this subject. 
The school started with lectures on the basics of ultracold Fermi gases both from the experimenters perspective and from the theoreticians perspective. Profs. D. Jin, W. Ketterle and R. Grimm covered in their three lectures most of the fundamentals of experiments on Fermi gases. Laser cooling, magnetic and optical trapping of atoms, evaporative cooling, imaging techniques and means to manipulate the interaction between particles via Feshbach resonances. In parallel during the first week of the school Profs. Stringari, Holland, Castin and Shlyapnikov have introduced the fundamental theoretical concepts, from the weakly interacting Fermi gas to the superfluid paired gas. 
The role of interactions for atoms confined in harmonic traps and the Bardeen-Cooper Schrieffer (BCS) theory of superfluidity for weakly interacting particles have been described in detail.  The crossover between the BCS regime and the Bose-Einstein Condensation (BEC) regime of strongly bound fermion pairs which has been a highlight of the years 2004-2006 has been addressed in detail by several lecturers. The unitary limit in which the scattering length diverges is a particularly interesting situation because it can be shown that it leads to universal properties for strongly interacting Fermi systems whether the systems are cold gases, nucleis, or neutron stars. Recent experiments and calculations have brought remarkable progress in the exploration of this crossover including the equation of state, the trap density profiles, the momentum distribution and pair correlations.  The universal parameter which ties the chemical potential to the Fermi energy of the gas at unitarity has been measured by several groups and is found in good agreement with most advanced Monte-Carlo numerical simulations.
 These observations have been made possible by the remarkable stability of interacting Fermi gases with respect to collisional relaxation towards deeper molecular states. As explained by Prof. Shlyapnikov, this phenomenon which does not occur for interacting bosons is a spectacular consequence  of Fermi statistics which prevents two fermions from approaching each other at short distance where relaxation occurs.
Several lectures have been also devoted to dynamics of the system under the effect of external perturbations or rotations. The hydrodynamic theory of superfluids describes experiments on collective oscillations, the expansion of the gas after switching off the trapping potential as well as rotational properties. In particular W. Ketterle has shown a direct proof of superfluid behaviour by the spectacular observation of vortex lattices when the interacting Fermi gas is put in rotation. 
During the second week of the school the link between cold gases and condensed matter problems like high Tc superconductivity, nuclear matter, frustration in periodic systems, quantum magnetism and localization induced by defects has been further investigated. The possibility to mimic periodic structures of solids using quantum gases in periodic optical potentials called optical lattices open several exciting possibilities as exemplified by the observation of the Mott-Insulator transition in cold gases in 2002. Prof. Demler, Georges, Tempere, Esslinger and Bloch have described recent progress in this direction, both on the theory side and experimental side.
Fermi surfaces of fermions trapped in optical lattices can be directly visualized after expansion of the gas. Measurement of correlations functions in density images of the atomic cloud in expansion reveal bunching effects for bosons or antibunching for fermions. Quasi-long range order in low dimensional systems have characteristic signatures on correlation functions which are a powerful tool to reveal, for instance, the Kosterlitz-Thouless transition in two dimensions. First results on mixtures of quantum gases in optical lattices have also been presented and triggered interesting discussion concerning their interpretation.  
3) Assessment of the results and impact of the event on the future direction of the field (up to 2 pages)

The concepts, methods and results introduced in this school have had a profound impact on the students participating to the school. Most talks were followed by questions from the participants and the poster sessions gave all students the opportunity to present their results and projects to the other members of the school. 4 students were given the chance to present in short talks their ongoing work and results. Latest developments on the theory side and experimental side were discussed openly in a unique and friendly atmosphere. The directors could appreciate the motivation and dedication of all the school participants to advance the field in the coming years. 

Future research will clearly increase our knowledge of strongly interacting Fermi gases. Experiments begin to explore the consequences of mismatched Fermi surfaces which are prepared by unbalancing the populations in the two hyperfine states of the gas. In this domain a number of new exotic quantum phases have been predicted and never observed. Another means to imbalance the Fermi surfaces is to use atoms with different masses and several new experiments using mixtures of quantum gases are being built worldwide to explore this possibility using Fermi-Fermi systems as well as Fermi-Bose or Bose-Bose systems. 
Similarly the behaviour of interacting quantum gases in periodic structures as well as in disordered structures, is a subject of fundamental interest and research in this field is still in its infancy. Finally important efforts are put in the direction of efficient production of cold polar molecules in their ground vibrational state which will open a new and fascinating area of research with a host of interesting applications. 
The very prestigious series of Varenna schools in atomic and quantum physics have had a profound impact in our field: the 1991 school on laser manipulation of atoms and ions was followed six years later by a Nobel prize in physics to S. Chu, C. Cohen-Tannoudji , and W. Phillips. The 1998 school on Bose-Einstein condensation in atomic gases was followed by a Nobel prize in physics to E. Cornell, W. Ketterle and C. Wieman in 2001.  Recently, new quantum phases of matter at very low temperature, superfluidity in Helium 3 and vortex matter were the subject of the 2003 Nobel prize to theoreticians A. Abrikosov, V. Ginzburg, and A. Leggett.  Finally the school on metrology of 1989 was followed in 2005 by the Nobel prize to J. Hall, T. Haensch and R. Glauber. We are confident that this school will have a long lasting impact in the field and in several other areas of physics because of its interdisciplinary character.  

4) Final Program
Varenna Summer School on Ultra-Cold Fermi Gases
Scientific Program

Tuesday, June 20th

9:00-10:00 Deborah Jin (Jila, Boulder)

10:00-11:00 Sandro Stringari (Trento)

Superfluidity of a trapped Fermi gas, (I)
11:00-11:30 Coffee break

11:30-12:30 Wolfgang Ketterle (MIT, Cambridge)

Ultracold fermions from the experimentalist's perspective, (I)

-----------------

17:00-18:00 Yvan Castin

Basic properties of degenerate Fermi gases,  (I)

18:00-19:00 Frederic Chevy

Ultra cold fermionic lithium in the regime of strong interaction

Wednesday, June 21th

9:00-10:00 Wolfgang Ketterle (MIT, Cambridge)

Ultracold fermions from the experimentalist's perspective, (II)

10:00-11:00 Murray Holland (Jila, Boulder)
Two-channel models of the BCS-BEC crossover, (I)
11:00-11:30 Coffee break

11:30-12:30 Deborah Jin (Jila, Boulder)

-----------------

17:00-18:00 Yvan Castin

Basic properties of degenerate Fermi gases, (II)

18:00-19:00 Giancarlo Strinati 

Trapped fermions with density imbalance in the BEC limit: Density profiles and vortices

Thursday, June 22th

9:00-10:00 Wolfgang Ketterle (MIT, Cambridge)

Ultracold fermions from the experimentalist's perspective, (III)

10:00-11:00 Sandro Stringari

Superfluidity of a trapped Fermi gas, (II)
11:00-11:30 Coffee break

11:30-12:30 Gora Shlyapnikov 

From few-body to many-body physics in strongly interacting Fermi gases

-----------------

16:00-17:00  Klaus Sengstock
17:00-18:00 Yvan Castin

Basic properties of degenerate Fermi gases, (III)

18:00-19:00 Jacque Tempere

Friday, June 23th

9:00-10:00 Deborah Jin (Jila, Boulder)

10:00-11:00 Murray Holland (Jila, Boulder)

Two-channel models of the BCS-BEC crossover, (II)
11:00-11:30 Coffee break

11:30-12:30  Rudolf Grimm (Innsbruck)

-----------------

17:00-18:00 Gora Shlyapnikov

Strongly interacting Fermi mixtures

18:00-19:00 Tilman Esslinger (Zürich)

Saturday, June 24th

9:00-10:00 Sandro Stringari (Trento)

Superfluidity of a trapped Fermi gas, (III)
10:00-11:00 Tilman Esslinger (Zürich)
11:00-11:30 Coffee break

11:30-12:30  Murray Holland (Jila, Boulder)

Two-channel models of the BCS-BEC crossover, (III)
Monday, June 26th

9:00-10:00 Antoine Georges
10:00-11:00 Giovanni Modugno (Firenze)

Fermi-Bose mixture with tunable interactions

11:00-11:30 Coffee break

11:30-12:30  Johannes Hecker-Denschlag  (Innsbruck)

-----------------

16:00-19:00 POSTER SESSION 1

Tuesday, June 27th

9:00-10:00 Ignacio Cirac (MPI, Garching)

Cold atoms and quantum information, (I)

10:00-11:00 Antoine Georges

11:00-11:30 Coffee break

11:30-12:30  Eugen Demler
-----------------

16:00-19:00 POSTER SESSION II

Wednesday, June 28th

9:00-10:00 Ignacio Cirac (MPI, Garching)

Cold atoms and quantum information, (II)

10:00-11:00 Immanuel Bloch (Mainz)
11:00-11:30 Coffee break

11:30-12:30  Rudolf Grimm (Innsbruck)

Thursday, June 29th

9:00-10:00 Rudolf Grimm (Innsbruck)

XXXX

10:00-11:00 Kathy Levin (Chicago)
11:00-11:30 Coffee break

11:30-12:30 Nikolay Prokof’ev  (Trento) 
-----------------

17:00-18:00 Student  Seminar
18:00-19:00 Student Seminar

Friday, June 30th

9:00-10:00 Immanuel Bloch  (Mainz)

XXXX

10:00-11:00 Demler

11:00-11:30 Coffee break

11:30-12:30 Wim Wassen
