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Gauge Theories are challenging:
Å Local symmetry Ąmany constraints
Å Involve non-perturbative physics
ÅConfinement of quarks
ÅExotic phases of QCD

ĄHard to treat experimentally(strong forces)
ĄHard to treat analytically(non perturbative)
Ą Lattice Gauge Theory (Wilson, Kogut-SusskindΧ)
Ą Lattice regularization in a gauge invariant way



Conventional LGT techniques

ÅDiscretization of both space and time

ÅMonte Carlo computations on a Wick-rotated, Euclidean 
lattice

Å Very (very) successful for many applications,  e.g. the hadronic spectrum

Å Problems:

ïReal-Time evolution:
ÅNot available in Wick rotated, Euclidean spacetimes, used in conventional 

Monte-Carlo path integral LGT calculations

ïSign problem:
ÅAppears in several scenarios with fermions (finite density), represented by 

Grassman variables in a Wick-rotated, Euclidean spacetime



Quantum Information Methods for LGTs

Å An active, rapidly growing research field 

Å Quantum Simulation for LGTs (around 8 years):
ï MPQ Garching & Tel Aviv University (Cirac, Reznik, EZ)
ï IQOQI Innsbruck, Bern, Trieste, Waterloo (Zoller, Wiese, Blatt, Dalmonte, Muschik)
ï Barcelona (Lewenstein, Tagliacozzo, Celi)
ï Heidelberg (Berges, Oberthaler, Jendrzejewski, HaukeΧ)
ï Iowa (Meurice)
ï Bilbao (Solano, Rico)
ï Χ

Å Tensor Networksfor LGTs (around 6 years):
ï MPQ Garching & DESY (Cirac, Jansen, Banuls, EZΧ)
ï Ghent (Verstraete, Haegeman)
ï Barcelona (Lewenstein, Tagliacozzo, Celi)
ï IQOQI, Bern, Trieste, Ulm (Zoller, Wiese, Dalmonte, Montangero,Χ)
ï Iowa (Meurice)
ï Mainz (Orus)
ï Χ

Å Quantum Computation for LGTs (relatively new):
ï Seattle (Kaplan, Savage)
ï Fermilab, Χ 
ï Bilbao (Solano, Rico)
ï Χ



Quantum Simulation

ÅTake a model, which is either
ïTheoretically unsolvable

ïNumerically problematic

ïExperimentally inaccessible

ÅMap it to a fully controllable quantum system ςquantum 
simulator

ÅStudy the simulator experimentally



Quantum Simulation of LGTs

ÅReal-Time evolution:
ïNot available in Wick rotated, Euclidean spacetimes, used in 

conventional Monte-Carlo path integral LGT calculations

ïExists by default in a real experiment done in a quantum simulator: 
prepare some initial state and the appropriate Hamiltonian (in terms 
of the simulator degrees of freedom), and let it evolve

ÅSign problem:
ïAppears in several scenarios with fermions (finite density), 

represented by Grassman variables in a Wick-rotated, Euclidean 
spacetime

ï In real experiments, as those carried out by a quantum simulator, 
fermions are simply fermions, and no path integral is calculated: 
nature does not calculate determinants.



Tensor Networks

ÅThe number of variables needed to describe states of a many-
body system scales exponentially with the system size. This 
makes it hard to simulate large systems (classically).

ÅTensor networks ŀǊŜ !ƴǎŅǘȊŜ ŦƻǊ ŘŜǎŎǊƛōƛƴƎ ŀƴŘ ǎƻƭǾƛƴƎ many 
body states, mostly on a lattice, for either analytical or 
numericalstudies, based on contractions of local tensors that 
depend on few parameters.

Å In spite of their simple description, tensor network states 
describe and approximate physically relevant states of many-
body systems.



Tensor Network Studies of LGTs

ÅReal-Time evolution:
ïNot available in Wick rotated, Euclidean spacetimes, used in 

conventional Monte-Carlo path integral LGT calculations

ïCalculations in quantum Hilbert spaces, where states evolve in real 
time, instead of in Wick-rotated statistical mechanics analogies.

ÅSign problem:
ïAppears in several scenarios with fermions (finite density), 

represented by Grassman variables in a Wick-rotated, Euclidean 
spacetime

ïCalculations in quantum Hilbert spaces: fermions are fermions, no 
integration over time dimension. If the problem arises, it can be the 
result of using a particular method, nothing general.



Hamiltonian LGT - Degrees of Freedom

ÅThe lattice is spatial: time is a continuous, real coordinate.

ÅMatter particles (fermions) ςon the vertices.

ÅGauge fields ςon the latticeΩs links



Gauge Transformations

ÅAct on both the matter and gaugedegrees of freedom.

ÅLocal : a unique transformation
(depending on a unique
element of the gauge group)
may be chosen for each site

ÅThe states
are invariant under each
local transformation separately.



Symmetry ĄConserved Charge

ïTransformation rules on the links

ïGauge Transformations:

ïGenerators ĄGauss law , left and right E fields:



Å Generators of gauge transformations (cQED):
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