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Atom trapping and cooling 



Groupe: I. Bloch (Munich U.) 



Cooling and trapping 

T_at = 0. 000 001 K  

1997 

T_universe = 2.725 K 

Atomic clocks: 10 seconds error….. 

.. since the beggining of  the universe !  



R. Hulet,  Rice university 

7Li 6Li 



Even colder ! 

2001: Cornell, 

Ketterle, Wieman 

T_at = 0. 000 000 001 K  



Group: T. Esslinger (ETH, Zurich)  



Bose-Einstein condensation 

J. Bobroff  et al, www.toutestquantique.fr 



Special properties 

Normal fluid: 

“friction” on 
impurities 

Flow without 

“friction”: 
Superfluidity 



New states of matter 

4He 

Cornell Ketterle Weiman 

Rb 

T=2.17K ~-271 C 

1938 

1995 

Kapitsa Allen Misener 2001 



So what ? 



Let us talk about materials 

(condensed matter physics)  



20st century: age of silicon 



Complete change of our society 



How to master materials ? 

• Understood: free electrons 

• Real systems : Coulomb interaction 

 E » 10 000 K ! 

• Properties of realistic systems ? 

• Free electron theory works  

quite well : Landau Fermi liquid 
*

m m



Superconductivity 

Onnes Holst 

1911 



• Transistor 1956 

• Superconductivity 

• Giant 

magnetoresistance 

(1913),1972, 

1973,1987,2003 

2007 





Materials of the future 

(Y. Tokura, Japan) 



Fundamental  

 Everything is described by the Dirac / 

Schrödinger equation 

???  

``The general theory of  quantum mechanics is now 
almost complete (…). The underlying physical laws 
necessary for the mathematical theory of  a large part 
of  physics  and the whole of  chemistry are thus 
completely known, and the difficulty is only that  
the exact application of  these laws leads to equations 
much too complicated to be soluble.''  

P. A. M. Dirac, "Quantum Mechanics of Many-Electron Systems“,  
Proceedings of the Royal Society of London, Series A, Vol.123,  

April 1929, pp 714. 



Quantum mechanics / Complexity 

 More atoms in a 1 mm3 system than stars in the 

universe 

 Quantum degenerate (Pauli or Bose statistics) : 

TF ~ 12000 K 

 Quantum 

mechanics 

 you can touch !  

(D. Eigler et al.)  



1023 = 100 000 000 000 000 000 000 

000 

Need to understand interactions 

Swiss supercomputing center (Mano); machines with 7 10^15 operations per second  

Quantum nature of  the problem :  

numerical instabilities with classical computers 



How to study ? 

Very difficult !!  

Example of  High Tc superconductors (86)  

Bednorz Muller 



CM: From reality to a simplified 

model 

Usually still too complicated to solve !  

Results: approximations on the model or 

reality ? 



Hubbard model (1963) 



Methods 

 Very difficult analytically 

 Novel techniques: many body, field theory, 

topology concepts, ……. ????? 

 Very difficult numerically: fermions, error 

growing exponentially with the system size 

 Novel (approximate or exact) numerical techniques 

(Monte-carlo, DMRG, DMFT, ….. ????) 



And I’m not happy with the analyses that go with just  the classical 

theory, because Nature isn’t classical, dammit,  and if you want to 

make a simulation of Nature, you’d better do it quantum mechanical, 

and by golly it’s a wonderful problem because it does not look so 

easy. 
 

Richard P. Feynman, “Simulating Physics with Computers”  
Int. J. of  Theor. Phys. (1981) 

Quantum simulators  

How to solve then ? 



Quantum simulators 

Experimental system that implements as 

closely as possible one of  the canonical 

models 

Read the answer on the experiment (no 

approximation)  

Benchmark some of  the theoretical 

methods 



Cold atoms  

and  

condensed 

matter:  

a love story 



Virtual solids 

Tunnelling 

Short range 

interaction 

Proposal: D. Jaksch et al PRL81 3108 (98) 
P. Zoller 



Dream 



Bosons: from insulator to 

superfluid 

M. Greiner, O. Mandel, T. Esslinger, T. W. Hansch, I. Bloch, Nature 415 39 (2002) 



Perfect control on the model 

Interactions 

(Lattice, Feschbach 

resonnance) 

Statistics Dimensionality Bosons Fermions 



Two dimensional superfluids 





Hubbard model 



Real time observation of the 

Hubbard model 



M. Greiner et al. 



Mazurenko, A. et al. Nature 545, 462–466 (2017). 

TG Nature 545, 414–415 (2017). 



Many additional possibilities 

• Exotic lattices 

• Novel probes (double occupation etc.)  

• Perfectly controlled disorder/ Isolated 

quantum systems  

• Dynamical scales easily accessible  

• Long range interactions (dipolar; Rydberg) 



Some imperfections of the 

simulator (for the moment)….. 



I am your worst nightmare Confining potential  



Confining potential  

• No homogeneous phase ! 
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Main points to improve 

• Inherent inhomogeneity 

• Fermions: temperature between  

T_F/20 and T_F/6  (2000 K !)  

• In some occasions: Probes  



Beyond quantum simulators 



Many possibilities 

• Out of  equilibrium physics (isolated 

systems)  

• Artificial gauge fields (A); very large fields 

• Novel matter (mixtures, bosons with 

“spin”, SU(N) etc. ) 

• Weird potentials (quasicrystals etc.)  



Transport 





Transport between superconductors 

E. Scheer et al. PRL 78 3535 

(1997)  

D. Hussmann al. Science 350 62667 

(2015).  



Periodic one dimensional 

structure 

M. Lebrat, P. Grisins et al., Phys. Rev. X 8, 011053 (2018)  





Conclusions / Perspectives 

• Remarkable CM-CA interplay  

• Quantum simulators and beyond 

• Remarkable new way to think/measure 

• [Many important developments coming 

soon] 




