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Computer time / memory scales exponentially with number of particles
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1. QUANTUM SIMULATION OF HEP MODELS
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Model Hamiltonian
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COLD ATOMS IN OPTICAL LATTICES

Laser standing waves: dipole-trapping
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Lattice theory: Bose/Fermi-Hubbard model
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COLD ATOMS IN OPTICAL LATTICES

CONDENSED MATTER PHYSICS MODELS

HUBBARD MODELS SPIN MODELS

electric conductivity magnetism
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COLD ATOMS IN OPTICAL LATTICES

HIGH-ENERGY PHYSICS MODELS

Matter + Gauge Fields

Relativistic theory

Gauge invariant, Gauss law

Hamiltonian formulation



COLD ATOMS IN OPTICAL LATTICES

HIGH-ENERGY PHYSICS MODELS

Matter + Gauge Fields

Relativistic theory

Gauge invariant, Gauss law

Use bosonic and fermionic atoms

Use a lattice (recover Lorenz invariance in the continuum)

Impose energy constraints

Encode gauge symmetry in an atomic symmetry

Hamiltonian formulation



Matter (Fermions): can move Gauge fields (Bosons): Static

intM KS
H H H H= + +Hamiltonian:

COLD ATOMS IN OPTICAL LATTICES

HIGH-ENERGY PHYSICS MODELS

Gauge symmetry



Challenge: find how to tune V, u, v

QUANTUM SIMULATION

COLD ATOMS

Hamiltonian:
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Lattice

- Fermions
- Bosons

(may depend on 
internal state)

Fermion hopping

coupling gauge field

Electric field
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QUANTUM SIMULATION

SCHWINGER MODEL 1+1

Fermions:

internal states
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Bosons:
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conserves angular momentum

internal states

QUANTUM SIMULATION

SCHWINGER MODEL 1+1



Interactions:

| a〉

n
b

( )† 2 † †
'

† †
' ''( ) ...H V r u vµ σ σσ σ σ σ σ σσ= Ψ −∇ + Ψ + + Φ Φ Φ Φ +Φ Φ Ψ Ψ∫∫ ∫

conserves angular momentum

internal states

2M

1n
d +

†
n

c

| b〉

n
a

| c〉 | d〉

QUANTUM SIMULATION

SCHWINGER MODEL 1+1



Physical processes:
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switch on interactions

interacting

vacuum

Excitations: vector + scalar

Time-dependent phenomena

Confinement

First experiments: few bosonic atoms

QUANTUM SIMULATION

SCHWINGER MODEL 1+1

Preparation:



QUANTUM SIMULATION

HIGHER DIMENSIONS / NON-ABELIAN 

Plaquette interactions:

Non-abelian:

Link

L R

{a1 ,a2 } {b1 ,b2 } bosonic modes



QUANTUM SIMULATIONS

EXPERIMENTAL CONSIDERATIONS
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QUANTUM MANY-BODY SYSTEMS
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How much entangled?

ENTANGLEMENT

MANY-BODY PHYSICS

|Ψ〉

MANY-BODY QUANTUM SYSTEM



MANY-BODY QUANTUM SYSTEM

Lattice in any physical dimension and geometry

Thermal equilibrium:

Local Hamiltonians:  
n

n

H h=∑
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Very little!

ENTANGLEMENT

MANY-BODY PHYSICS

How much entangled?

A
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What do we learn? |Ψ〉
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EXPONENTIAL HILBERT SPACE
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Physically relevant
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It should be possible to find an efficient description of physical states:

Number of parameters should scale polynomically with N

ENTANGLEMENT

MANY-BODY PHYSICS



TENSORS NETWORKS
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MPS, PEPS, MERA, …

Graphically

MANY-BODY QUANTUM STATES:



TENSORS NETWORKS

i
Aαβγδ

PROJECTED ENTANGLED-PAIR STATES (PEPS):

Contracted according to the geometry of interactions

Efficient description:

z
NdD

PEPS Full State

N
d

The bond dimension, D, scales as poly(N)  N
d

It applies to bosons/fermions and pure/mixed states

Whole information in N tensors



TENSOR NETWORKS

ALGORITHMS

Ground states:

Variational computation with respect to
i

Aαβγδ

In 1+1 dimensions, it is related to DMRG

Excitations:

Dynamics: | ( ) | (0)iHt
t e

−Ψ 〉 = Ψ 〉

Time-dependent variational methods

Finite temperature: /H kT
e
−ρ =

No sign problem

Gauge symmetry can be easily incorporated

Bad-scaling in higher dimensions 3 10 16, ,D D D



RESULTS 1+1 D

SCHWINGER MODEL at T=0

Isospin:
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PHASE DIAGRAM
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Chemical potential: 0 1( )µ ν ν−

MASS SPECTRUM



RESULTS 1+1 D

SCHWINGER MODEL at finite T

CHIRAL CONDENSATE
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RESULTS 1+1 D

NON-ABELIAN SU(2) MODEL
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RESULTS 2+1 D

TOY MODELS

Parametrize all PEPS with D=3 and all symmetries

Staggered fermions

Rotation symmetry

Translationally invariant

Gauge invariant

Five-parameter family

All are ground state of a local Hamiltonian

Phase diagram in a cylinder sites

Gap of the transfer matrix

Loop operators: confinment

10∞×



RESULTS 2+1 D

TOY MODELS

U(1) model

SU(2) model



Quantum simulation:

SUMMARY & OUTLOOK

Quantum information:

It is possible in principle. In practice, difficult.

First experiments are taking place.

Tensor networks:

Cross-fertilization between research areas.

Complementary methods to investigate QMBS

Still in their „infancy“

Challenge: higher dimensions

Combination with other methods (Monte-Carlo)

New perspective to study many-body quantum systems.







QUANTUM SIMULATIONS

EXPERIMENTAL CONSIDERATIONS

Cold bosons in optical lattices

Mott insulator – superfluid transition

Exchange interaction (2nd order perturbation theory)

Dynamics

Anderson-Higgs mechanism in 2D

Cold fermions in optical lattices

Mott insulator in 2D

Cold fermions and bosons in optical lattices

Mean-field dynamics

Challanges: temperature, decoherence, control …

Tuning of interactions: Magnetic/optical Feschbach resonances

Lattice geometry

Time of flight measurements

Single-site addressing: initializaton

Single-site measurement

Techniques



Example: compact-QED

Gauge group: U(1)

angular 

momentum

angle

Bosonic operators in links

E takes integer values (       compact)

HEP LATTICE MODELS

HAMILTONIAN FORMULATION

, | |
n k

E m m m〉 = 〉



Example: compact-QED

Gauge group: U(1)

Bosonic operators in links

Gauss law:

Hamiltonians:

HEP LATTICE MODELS

HAMILTONIAN FORMULATION
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