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Gauge Symmetries

Å In the standard model of high energy physics, the interactions 
are carried by vector bosons, which are excitations of gauge 
(or broken gauge) fields

Å In the context of condensed matter physics,

ïString nets, KitaevΩstoric code, Quantum double models, 
dimer models, spin liquids, etc.

ïEmergent, effective field theories (High-TC?)

ÅVery interesting non-trivial behaviour:

ïLocal symmetry ĄMany conservation laws Ą Special 
Hilbert space structure

ïNonperturbative physics



Gauge Theories

ÅStill involve many puzzling, non-perturbative phenomena:

ïMass gap of Yang-Mills (pure gauge) theories, quark confinement

ïPhases of non-Abelian gauge theories with fermionic matter

ÅColor superconductivity

ÅQuark-gluon Plasma

ÅConfinement/deconfinementof dynamical, fermioniccharges

ïHigh-Tc superconductivity described by emergent gauge fields?



Lattice Gauge Theories

ÅFormulations of gauge theories on discrete space or 
spacetime (Wilson, Kogut-Susskind, PolyakovΧ)

ÅAllow for lattice regularization in a gauge invariant way, as 
well as many extremely successful nonperturbative 
calculations using Monte-Carlo methods (e.g. the hadronic 
spectrum)

ÅNumerical calculations still face several difficulties, due to the 
use of Euclidean spacetime for Monte-Carlo calculations:
ïThe sign problem, for fermions with finite chemical potential

ïNo real-time dynamics



Lattice Gauge Theories

ÅFormulations of gauge theories on discrete space or 
spacetime (Wilson, Kogut-Susskind, PolyakovΧ)

ÅAllow for lattice regularization in a gauge invariant way, as 
well as many successful nonperturbative calculations using 
Monte-Carlo methods (e.g. the hadronic spectrum)

ÅStill face several difficulties, due to the use of Euclidean 
spacetime for Monte-Carlo calculations:
ïThe sign problem, for fermions with finite chemical potential

ïNo real-time dynamics

New approaches are needed:
ÅTensor network methods
ÅQuantum Simulation



Q. Sim. and TN for LGTs

Å An active, rapidly growing research field 

ÅQuantum Simulation (around 7 years):
ïMPQ Garching& Tel Aviv University
ï ICFO, Barcelona (Lewenstein)
ï Innsbruck, Bern, Trieste, IQC (Zoller, Wiese, Blatt, Dalmonte, Muschik)
ïHeidelberg (Oberthaler, Berges)
ïΧ

Å Tensor Networks (around 4 years):
ïMPQ Garching
ïGhent (Verstraete)
ï ICFO (Lewenstein)
ï IQOQI, Bern, Trieste, Ulm (Zoller, Wiese, Χ)
ïΧ



Quantum Simulation

ÅTake a model, which is either
ïTheoretically unsolvable

ïNumerically problematic

ïExperimentally inaccessible

ïNot known to exist in nature

ÅMap it to a fully controllable quantum system ςquantum 
simulator
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LATTICE
GAUGE
THERORIES:
ESSENTIAL FEATURES



Global Symmetry

ÅFermionic hopping

ÅInvariant under global
transformations



Local Symmetry

ÅFermionic hopping

ÅNot invariant under local
transformations



Local Symmetry

ÅAdd another degree of freedom - connection

ÅInvariant under local
transformations



On a lattice, the fermionsare located at the
vertices (sites), and the connectorsare defined 
along links; e.g., for U(1):

Electric flux (or lattice E field) 
- U(1) angular momentum - integer

- Electric flux raising operator.

- άLattice vector potentialέ ςcompact (angle)



Gauge Field Dynamics

- Electric flux raising operator.

Raises the electric field on a link.

m + 1

m

Suitable άkineticέ energy term:

- Electric energy



Other gauge invariant operators are
connectors along a closed loop
- Wilson loops

On a lattice ςproducts
of oriented link operators
(connectors)

(ҕ)



We can use these to add a self interaction
term to the Hamiltonian:

+



Symmetry ĄConserved Charge

ÅFor the global symmetry, the conserved charge
is the total number of fermions.

ÅFor the local symmetry, we have local conservation laws, 
which may be formulated by the GaussΩs law:
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