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Introduction: my personal hit list of achievements/open problems

Ultracold gases in “artificial” magnetic  fields 

BCS-BEC crossover 

Ultracold trapped dipolar gases ☻

Ultracold spinor gases 

Ultracold disordered  gases ☻

Ultracold frustrated  gases

Ultracold gases and quantum information 

Ultracold low dimensional gases 

Atom chips and cavity QED 

Varia ☻

Experimental methods ☻

Theoretical methods ☻

New review articles ☻



Ultracold dipolar gases



Strong dipolar effects in -
and Rydberg excitation of - a BEC

Tilman Pfau
Universität Stuttgart



Strong dipolar effects

dipolar

contact



A quantum ferrofluid

dipolar

contact

Th. Lahaye et al.; Nature in press
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A quantum ferrofluid
First perturbative dipolar effects:

J. Stuhler, A. Griesmaier, T.
Koch, M. Fattori, S.
Giovanazzi, P. Pedri
L. Santos, T. Pfau
PRL 95, 150406 (2005)

NEW: strong dipolar effects:
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S. Giovanazzi, A. Görlitz, T.P.
J. Opt. B 5, 208 (2003)
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NEWNEW: : strongstrong dipolardipolar effectseffects::



Ultracold Heteronuclear Molecules
AG Sengstock

Ultracold chemistry:
First formation of ultracold heteronuclear
molecules in an optical lattice using a 
40K/87Rb mixture and rf association.
C. Ospelkaus, S. Ospelkaus, L. Humbert, P. 
Ernst, K. Sengstock and K. Bongs;
Phys. Rev. Lett. 97, 120402 (2006)

next step: transfer to low internal state
-> quantum gas with strong dipolar 
interactions 

Binding energy analysis: cond-mat/0703322



Dipolar Bose gas in an optical lattice:
Toward quantum memories?

Ch. Menotti, Ch. Trefzger, and M. Lewenstein
Phys. Rev. Lett. 98, 235301 (2007) 



– long-range anisotropic interaction

A. Griesmaier, J. Werner, S. Hensler, J. Stuhler, and T.Pfau, Phys. Rev. Lett. 94, 160401 (2005) ;
J. Stuhler, A.Griesmaier, T. Koch, M. Fattori, T. Pfau, S. Giovanazzi, P. Pedri, and L. Santos, 
Phys. Rev. Lett. 95, 150406 (2005) .

– many control parameters: U, D, θ, ϕ

– novel quantum phases
(checkerboard, supersolid)

see e.g.:
G.G. Batrouni and R.T. Scalettar, PRL 84, 1599 (2000);
K. Góral, L. Santos and M. Lewenstein, PRL 88, 170406 (2002);
D.L. Kovrizhin, G. Venketeswara Pai and S. Sihna, EPL 72, 162 (2005);
P. Sengupta, L. P. Pryadko, F. Alet, M. Troyer and G. Schmid, PRL 94, 207202 (2005);

– existence of metastable states?

Dipolar bosons in a 2D optical lattice

x

θ
yz

ϕ



Extended Bose-Hubbard model
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Dipolar lattice gas: Ground states, 
metastable state

Metastable states: do they
play a role in cooling dynamics?

Are they reachable?



Dipolar lattice gas: The fate of
metastable states

They appear spontaneously and
frequently in cooling dynamics!
But, using superlattice techniques
they can be “prepared on demand”!
They lifetimes are long, according to
generalized instanton theory!
Quantum memories?

They can be unambigiously
detected using noise correlations
spectroscopy!!!



Energy landscape: tunneling
events

ground state

M2
M1



Path integral in imaginary time

• Our procedure:

– write the Lagrangian in imaginary time
– parametrise the transition via a 1-parameter ansatz

– calculate the action
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ddq
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Wigner crys
tallisation

 

of trappe
d dipolar 

gases

G.E. Astrakharchik, J. Boronat, J. Casulleras, I.L. Kurbakov, and Yu.E. Lozovik
Weakly interacting two-dimensional system of dipoles: limitations of mean-field theory, 
arXiv:cond-mat/0612691

G.E. Astrakharchik, J. Boronat, I.L. Kurbakov, and Yu.E. Lozovik, Quantum phase 
transition in a two-dimensional system of dipoles, Phys. Rev. Lett. 98, 060405 (2007).
H.P. Büchler, E. Demler, M. Lukin, A. Micheli, N. Prokof'ev, G. Pupillo, and P. Zoller
Strongly correlated 2D quantum phases with cold polar molecules: controlling the shape of the 
interaction potential , Phys. Rev. Lett. 98, 060404 (2007). 

R. Citro, E. Orignac, S. De Palo, and M.-L. Chiofalo, Evidence of Luttinger liquid behavior
in one-dimensional dipolar quantum gases, Phys. Rev. A 75, 051602 (2007).
A.S.Arkhipov, G.E.Astrakharchik, A.V.Belikov, Yu.E.Lozovik, Ground-state properties of 
a one-dimensional system of dipoles, arXiv:cond-mat/0505700.



Ultracold disordered 
gases



speckle pattern

quasiperiodic potential

smaller length scale (1 μm or less)

random potential

large length scale in our set-up (several μm)

bichromatic lattice

our approach to controlled disordered optical potential

Non-periodic modulation of the energy minima 
with length scaleJ.E.Lye et al. PRL 95, 070401 (2005)

C. Fort et al. PRL 95, 170410 (2005)



hopping energy interaction energy

J U
disorder

Δ

The phase of the system depends on the interplay between these energy terms 

Bose-Hubbard model with bounded disorder in the external potential

interacting bosons in a disordered optical potential

ε j ∈ −Δ / 2,+Δ / 2[ ]



When the amplitude Δ of the disorder is 
big enough to fill the energy gap of the 
Mott insulator a new quantum phase 
appears: the Bose Glass

(R. Roth and K. Burnett, PRA 68, 023604 (2003))
Phase diagram of 1D – homogeneous system

interacting bosons in a disordered optical potential

hopping energy interaction energy

J U
disorder

Δ

BOSE-GLASS PHASE (BG)

• No phase coherence
• Low number fluctuations
1. No gap in the excitation spectrum
2. Vanishing superfluid fraction
3. Finite compressibility

MOTT INSULATOR PHASE (MI)

• No phase coherence
• Zero number fluctuations
1. Gap in the excitation spectrum
2. Vanishing superfluid fraction
3. Vanishing compressibility



Experimental configuration:1D system and 1D disorder
1D atomic systems + two colours along the tubes

λ1 = 830 nm  s1 = 40
Jy/h = Jz/h = 0.4 Hz

Along y,z

λ1 = 830 nm  s1 < 20
λ2 = 1076 nm  s2 < 3

Along x

strongly interacting bosons in a bichromatic optical lattice

Observables:
Excitation spectrum (modulation of the lattice λ1)

Phase Coherence (density profile after expansion)



The quest for Anderson localisation
in BEC: Experiments

• Experiments in Orsay/Palaiseau:
• A. Aspect has speckles with submicron correlation length!!!
• Plans to see signatures of AL in expansion and excitations
• Problem: Moving of the labs

• Experiments at LENS:
• M. Inguscio has  BEC of Potassium 39
• Plans to see signatures of AL in “ideal” gas

- Feshbach resonances on different Rb/K mixtures and K samples: realization of 39K 
Bose-Einstein condensate with tunable interactions

39K condensate at various magnetic fields in the vicinity of a Feshbach resonance. The size shrinks as the 
scattering length a is decreased, and the condensate eventually collapses for negative a.

G. Roati et al. airXiv:cond-mat/0703714v1
M. Zaccanti et al. PRA 74, 041605R (2006)



The quest for Anderson localisation
in BEC: Theory I 

• Progress in understanding of the interplay disorder-interactions:

•Progress in understanding of localization effects in expansion and in excitations
• N. Bilas, N. Pavloff, G. Shlyapnikov, L. Sanchez-Palencia



The quest for Anderson localisation
in BEC: Theory II 

• Progress in understanding of the interplay disoreder-interactions:

Lifshits glass



But, we are still behind…
• Measurements of critical exponents?!?



Disorder (random field) induced order 

in ultracold gases



Disorder induced order –
Breaking continuous symmetry with disorder

Ongoing polemics:
I.A. Fomin – GE. Volovik
on 3He-A in aerogel



Disorder induced order –
Breaking continuous symmetry with disorder

We study two-component BEC coupled
by random real Raman coupling



Experimental methods



Correlated pair tunneling

Complete (1+2 atoms) signal

Single atom signal

Second order hopping processes form the basis of 
superexchange interactions! 
(see e.g. A. Auerbach, Interacting Electrons and Quantum Magnetism) 

ex ex i jH J S S= ⋅
r r2

ex
JJ
U

∝



Controlled exchange
interactions and √SWAP



THE Challenge



Noise interferometry – efficient way 
of detection of pair correlations

Goals: 
1) Be able to detect „exotic“ quantum phases, such as for instance Bose glass, etc.

2) Readout of quantum simulators !!!

T. Rom, Th. Best, D. van Oosten, U.Schneider, S. Fölling, B. Paredes, and I. Bloch, 
Nature 444, 733 (2006).

Idea (geniale!): Altman, Demler, and Lukin



Atom counting

See also: T. Esslinger using cavity QED mehtods



Read-out for QS of disordered systems



Quantum Control in Superlattice and Disordered
Potentials (Mainz, NIST, Innsbruck...)

Goals: 
1) Generate controllable disordered quantum systems, for quantum simulations
of disordered many body systems! 

2) Employ quantum parallelism in experiment and theory to efficiently simulate
them (see e.g. B. Paredes, F. Verstraete & I. Cirac, PRL 95, 140501 (2005))

Experimental realizations:

1) Superlattice potentials for controlled
„disorder“

2) Disorder via second atomic species

Feshbach resonanceSuperlattice depth and phase
controllable (nonrational

wavelength factors possible)



Noise interferometry and superlattices

• High potential for investigating dynamical evolution after state preparation

• Optical superlattices formed by a 765 nm lattice and a 1530 nm lattice.

• Highly flexible control of the potential

a) Charge density 
ordering created via 
optical superlattices

b) Detection via noise 
correlations



Detection: New proposals



Detection: THE proposal I

Quantum nondemolition polatization spectroscopy

Quantum Faraday
effect!!!

H=κSzJz ,

where

Jz=Σi jzi



Detection: THE proposal II

Quantum nondemolition polatization spectroscopy

H=κSzJz
eff ,

where

Jz
eff=Σi jzicos2(kLri)

Quantum Faraday
effect!!!



Detection: THE proposal II



Theory methods



Vidal’s algorith, MPS, PEPS, TEBD, MERA
THE HERMANN KÜMMEL EARLY ACHIEVEMENT AWARD IN MANY-BODY 
PHYSICS

The International Advisory Committee of the International Conferences Series on Recent 
Progress in Many-Body Theories is pleased t o announce that the inaugural, 2007 
HERMANN KÜMMEL EARLY ACHIEVEMENT AWARD IN MANY-BODY 
PHYSICS is awarded to Dr. Frank Verstraete of Universiät Wien, Austria, 

Frank Verstraete

"For his pioneering work on the use of quantum information and entanglement theory in 
formulating new and powerful numerical simulation methods for use in strongly correlated 
systems, stochastic nonequilibrium systems ,and strongly coupled quantum field theories."



Many-body quantum systems
| Ψ〉

1... 1| | ,...,
Ni i Nc i iΨ〉 = 〉∑

We need coefficients to represent a state.2N

To determine physical quantitites (expectation values) an exponential
number of computations is required.

Many-body quantum systems are difficult to describe.



1. Definition
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2D states:

General:

| Φ〉

| Φ〉

| Φ〉

| Φ〉

,i jP

2

1
| |k

k n
n

P n ϕ
=

= 〉〈∑

2D D D D⊗ ⊗ ⊗ →� � � � �

maps



2) Periodic boundary conditions:

It outperforms DMRG

( )
,

k j k j k j
x x y y z z

k j
H σ σ σ σ σ σ

〈 〉

= + +∑

1) Open boundary conditions:

It coincides with DMRG

1P 2P 3P 4P 5P 6P

| Φ〉| Φ〉 | Φ〉 | Φ〉 | Φ〉

1P 2P 3P 4P 5P 6P

| Φ〉| Φ〉 | Φ〉 | Φ〉 | Φ〉
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(Verstraete, Porras, Cirac, PRL 2004)
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Varia



Relative frequency shift of
center of mass oscillation 
of a trapped BEC gas due 
to the Casimir-Polder force 
produced by a substrate at
different temperatures

Theory, Antezza et al. 
PRL 95 083202, 2005

First measurement of thermal effect
on the  Casimir-Polder force

(JILA, Obrecht et al. PRL 98, 063201 (2007)
BEC



Fermi-Bose Mixtures in a 3D Optical Lattice
AG Sengstock

87Rb
40K/87Rb mixture

New system: First Fermi-
Bose quantum gas mixture 
in a 3d optical lattice. 

„only“ bosons

5 ER 10 ER 15 ER 20 ER 25 ER

Fermi Bose Mixture

5 ER 10 ER 15 ER 20 ER 25 ER

Localization physics: 
Shift of the “Mott-insulator”
transition connected to 
“fermionic impurities”. 

S. Ospelkaus, C. Ospelkaus, O. Wille, 
M. Succo, P. Ernst, K. Sengstock and 
K. Bongs;
Phys. Rev. Lett. 96, 180403 (2006)

(see also work at ETH
Phys. Rev. Lett. 96, 180402 (2006))



- Degenerate Bose-Bose mixture in a 3D optical lattice: 

- Feshbach resonances on different Rb/K mixtures and K samples: realization of 39K 
Bose-Einstein condensate with tunable interactions

the superfluid to Mott insulator transition of the heavier 87Rb is affected by a 
minor fraction of 41K

39K condensate at various magnetic fields in the vicinity of a Feshbach resonance. The size shrinks as the 
scattering length a is decreased, and the condensate eventually collapses for negative a.

J.Catani et al. airXiv:0706.2781v1

G. Roati et al. airXiv:cond-mat/0703714v1
M. Zaccanti et al. PRA 74, 041605R (2006)

Potassium addicts at their best



New review articles



My favourite
Covers:

• Introduction (great!)
• Hubbard and spin models
• Methods of treatment
• Ultracold disordered gases
• Ultracold frustrated gases
• Ultracold spinor gases
• Ultracold gases in artificial

gauge fields
• Ultracold gases and quantum

information
• 135 pages, 823 references



Fermions and all that... (submitted to RMP)

Covers:

• Introduction
• Two-body collision
• Many body theory of uniform gas
• The BCS-BEC crossover
• Trapped interacting Fermi gases
• Dynamics and superfluidity
• Rotations and superfluidity
• Spin polarized Fermi gases and Fermi 

mixtures
• Fermi gases in optical lattices
• 78 pages, over 350 references



Many body physics… (submitted to RMP)

Covers:

• Introduction
• Optical lattices
• Detection of correlations
• Many body effects in optical lattices
• Ultracold gases in 1D
• 2D quasicondensates
• Bose gases in fast rotation
• BCS-BEC crossover
• Perspectives
• 76 pages, over 600 references



• There are more thing in heaven and earth,
Horatio, than are dreamt of in your philosophy.

CONCLUSIONS (The Tragedy of Hamlet,  by Shakespeare):

Wow!!!



Vidal’s algorith, MPS, PEPS, TEBD, MERA

During his still brief career as a theoretical physicist Frank Verstrate has left a a massive 
imprint on the field of many-body physics that will influence the subject in the future. He 
was the first to realize that the insights from entanglement theory could give rise to very 

powerful numerical simulation methods that apply to a broad range of phenomena, both in 
quantum and classical systems. His outstanding work includes: 

The discovery that all numerical RG methods for 1D systems can be reformulated as 
variational methods in the class of matrix product states. 

A demonstration that the ground states of local 1D hamiltonians can effectively be 
represented by matrix product states, even for critical s ystems. 

Exploitation of quantum parallelism to simulate exponentially many realizations of 
random many-body systems in parallel. 

Generalizations of matrix product states to higher dimensions through the concept of 
projected entangled pair states (PEPS). 

A generalization of the Jordan-Wigner transformation to higher dimensions and to 
graphs.Generalizations of matrix product states to higher dimensions through the concept 

of projected entangled pair states (PEPS). 
Construction of exactly solvable critical quantum systems in 2D whose entropy of 

entanglement obeys a strict area law. 


