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Technological relevance
• High-Tc superconductivity
• Magnetism
• Novel quantum sensors
• Quantum technologies

THE CHALLENGE OF MANY-BODY QUANTUM SYSTEMS

Fundamental interest
• Parameter changes
• Benchmark theories
• Many “simple“ models not solvable
• Discern different effects

Understand and design many-body systems
One of the biggest challenges 

of 21st century quantum physics
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ATOMS ARE IDEAL PLATFORM

➔ exactly identical, 
atomic physics highly

precise (~10-20)

➔ possible to trap
thousands of atoms

➔ isolated in 
vacuum

➔ optical control
(motion, 

interactions,...)

➔ even at 
microscopic level
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REALIZING ELECTRONIC SYSTEMS

Lattice constant: ~Å

Densities: ~1025/cm3

Temperatures: ~K

Electrons in a crystal Atoms in an optical potential 
optical lattice

Lattice constant: ~μm

Densities: ~1014/cm3

Temperatures: ~pK

Same quantum regime: l/d >1
Universality of quantum mechanics!

Advantages
• Coherent: >1000 tunneling times
• Scalable: >1000 sites
• Fermionic and bosonic statistics
• Tunable interaction, temperature, 

doping, …
• Microscopic control
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QUANTUM SIMULATION TOOLBOX

State preparation
Laser cooling

Optical pumping
…

Interaction control
Feshbach resonance

Photon-mediated interactions
Dipoles, Rydberg,

…

State readout
Microscopy

Fluorescence imaging
Dispersive readout…

Potential control
Holographic beam shaping

Spin-dependent beams
Gauge fields

…

Key advantages
• Excellent coherence properties
• Easy to create large numbers of

neutral atoms
• Easy to manipulate with light

Key challenges
• Bare atoms interact weakly
• Hard to obtain individual control

over large numbers of atoms



BLOCH BANDS

A 3D optical lattice has the following potential:

From this we now want to derive a tight-binding Hamiltonian of the form:

As an ansatz we use Bloch wave functions

which are composed of plane waves with quasi-momentum and the a function

With the periodicity of the lattice.



BLOCH BANDS

We introduce the Wannier functions:

Which are localized on the lattice sites xi. By expanding the field operators
in terms of the Wannier functions we obtain for the Hamiltonian:

(only couplings within the same band n)

(only nearest
neighbour coupling)

(only lowest band n=1)



BLOCH BANDS

To diagonalize the Hamiltonian we expand the annihilation
operators as plane waves

and obtain

This means the lowest band has the dispersion relation:



BLOCH BANDS
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BOSE-HUBBARD MODEL



BOSE-HUBBARD MODEL

Now we include contact interactions:

Bose-Hubbard Hamiltonian
QPT: Two non-commuting terms

Together with hopping term, and including a chemical potential:



BOSE-HUBBARD DOUBLE WELL

Bose-Hubbard model for two particles on a double well:

The eigenstates are

and the symmetric and

antisymmetric doublon states

They are based on the singlons state



BOSE-HUBBARD DOUBLE WELL



BOSE-HUBBARD MODEL

Both ground states are simple:



BOSONIC WEDDING CAKE



SUPERFLUID-MOTT INSULATOR TRANSITION

M. Greiner et al., Nature 415, 39 (2002)



SUPERFLUID-MOTT INSULATOR TRANSITION
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QUANTUM GAS MICROSCOPY

Greiner group (Harvard)
W. Bakr et al., Science 329, 547 (2010)





Extendable to other observables
• All density correlations between sites/particles
• Local currents
• Entanglement entropy
• Quantum state purity
• …

Site-resolved occupation measurement

MEASURING THE MANY-BODY STATE



Bloch group (MPQ Munich)
J. Sherson et al., Nature 467, 68 (2010)

SITE-RESOLVED IMAGING





Quantum gas 
microscopy

Fractional quantum
Hall states

Non-equilibrium 
dynamics
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PARTICLE-HOLE PAIRS

M. Greiner et al., Nature 415, 39 (2002)



Bloch group (MPQ Munich)
M. Endres et al., Science 334, 200 (2011)

PARTICLE-HOLE PAIRS



Bloch group (MPQ Munich)
M. Endres et al., Nature 487, 454 (2012)

HIGGS MODE
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