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Quantum Gases Quantum Optics





Ca it opto mechanicsCavity opto-mechanics

Dicke Quantum Phase Transition



Experimental setupExperimental setup

150μm

BEC after resonant 
probing and free 
expansionp

See also: Zimmermann, Hemmerich, Stamper-Kurn, Reichel



Spectroscopyp py

probe laser BECprobe laser C

E

c

Th b it f i f ti l hift d b BECThe bare cavity resonance frequency is refractively shifted by BEC 

See also: D. Stamper-Kurn group: PRL 99, 213601 (2007), Nat. Phys. 4, 561 (2008) 



BEC Cavity Dynamicsy y
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35 kHz – 25 kHz



Coupling BEC-Cavityp g y

energyenergy

momentumq



BEC as a mechanical oscillator
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BEC as a mechanical oscillator



Cavity opto-mechanics with a BECy p
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Cavity opto-mechanics with a BECy p

Full HamiltonianFull Hamiltonian

two mode description
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Cavity opto-mechanics with a BECy p

See also: Stamper-Kurn (Berkeley), Nature Physics 2008

F. Brennecke, S. Ritter, T. Donner, T. Esslinger, Science 322, 235 (2008)



Dynamics of BEC cavity systemy y y

F. Brennecke, S. Ritter, T. Donner, T. Esslinger, Science 322, 235 (2008)



Transverse Pumpingp g

Theory: H. Ritsch, P. Domokos, Exp. with thermal atoms: V. Vuletic



Phase Transition

Theory: H. Ritsch, P. Domokos, Exp. with thermal atoms: V. Vuletic



Scattering from a single atomg g



Scattering from two atoms: Interferenceg



Scattering from two atoms: Interferenceg



Self-organizationg



Symmetry-breakingy y g
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Observing Self-Organizationg g



Observing Self-Organizationg g



Observing Self-Organizationg g



Observing Self-Organizationg g



Observing Self-Organizationg g



Observing Self-Organizationg g



Observing Self-Organizationg g

Coexistence of: 
- non-trivial diagonal long-range order
- off-diagonal long-range order g g g

The atoms can be regarded as a Supersolid



Stabilityy



Stability and Dephasingy p g





“molecules interacting with a 
common radiation field cannot 

be treated as independent” 
R H Dicke (1953)R.H. Dicke (1953)



Super-radiancep



Dicke Model





Super-radiant phase transition

Recent work: T. Brandes, …



described by the 
Dicke Hamiltonian



Dicke Model

1D theory: D. Nagy, G. Ko´nya, G. Szirmai, P. Domokos, PRL 104, 130401 (2010).

K. Baumann, C. Guerlin, F. Brennecke, and T. Esslinger, Nature 464, 1301 (2010)



Two-Mode Description

energy diagram momentum diagram



Zero Temperature Phase Diagram

ordered phase

unordered 
phasephase



Zero Temperature Phase Diagram



Zero Temperature Phase Diagram

K. Baumann, C. Guerlin, F. Brennecke, and T. Esslinger. Nature 464, 1301 (2010)



Phase Sensitive DetectionPhase Sensitive Detection

oddeven



Phase Sensitive DetectionPhase Sensitive Detection

∆ω



Phase Sensitive DetectionPhase Sensitive Detection





Summary
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