Discoveries and Open Puzzles in Particle Physics and Gravitatién{i | 5Jth&281f0

1LENSOE NETWOrKS antr Olantum Simulatl
VethodsS IoR Galge I'Meorit

ERZZAMRAR

A Racahinstitute of Physics Heelrew kiniversityf of detlsalgnralsrael

Based on works witl{in alphabetical order):
Julian Bender (MPQ)

J. Ignacio Cirac (MPQ
PatrickEmonts(MPQ)
Alessandro Farace (MPQ)

Daniel GonzaleCuadra(MPCA ICFO)
llya Kull (MPQA Vienna)
AndrasMolnar (MPQ)

Benni Reznik (TAU)

Thorsten Wahl (MP@\, Oxford)




Gauge Theorieare challenging
A Local symmetryy many constraints
A Involve non<perturbative physics
A Confinement ofquarks
A Exoticphases oflQCD
Hard to treat experimentally(strong forces)
Hard to treat analytically(non perturbative)
_attice Gauge TheorfWilson, KoguSusskinX)
A Lattice reqgularization in a gauge invariant way

> > >



Conventional LGT techniques

A Discretization of both space and time
A Monte Carlo computations on a Wicktated, Euclidean

lattice
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A Very (very) successful for many applications, e.g. the hadronic spectrum
A Problems:

I ReatTimeevolution:

A Not available in Wick rotated, Euclidean spacetimes, used in conventional
Monte-Carlo path integral LGT calculations

I Signhproblem:

A Appears in several scenarios with fermions (finite density), represented by
Grassman variables in a Wiakated, Euclidearspacetime



Quantum Information Methods for LGTs

A An active, rapidly growing research field

A Quantum Simulation for LGTaround8 years):
i MPQ Garching & Tel Aviv University (Cirac, Reznik, EZ)
I 1QOQI Innsbruck, Bern, Trieste, Waterloo (Zoidese Blatt, Dalmonte Muschilk
I Barcelona (Lewenstein, Tagliacoz2el)
i HeidelbergBergesOberthaler JendrzejewskiHaukeX)
i lowa Meurice
i Bilbao (Solano, Rico)
X

A Tensor Networkdor LG Tgaround6 years):
i MPQ Garching & DESY (Cirac, Jansen, Banx)s, EZ
I Ghent Verstraete Haegemai
i Barcelona (Lewenstein, Tagliacoz2el)
i 1QOQI, Bern, Trieste, Ulm (Zoller, Wid3almonte, MontangergX)
i lowa Meurice
i Mainz Qrus
I X

A Quantum'Computation for' LGTselatively new):
Seattle (Kaplan, Savage)

Fermilah X

Bilbao (Solano, Rico)
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Quantum Simulation

A Take a model, which is either
I Theoretically unsolvable
I Numerically problematic
I Experimentallyinaccessible

A Map it to a fully controllable quantum systenqg quantum
simulator

A Study the simulator experimentally



Quantum Simulation of LGTs

A RealTime evolution:

I Not available in Wick rotated, Euclidean spacetimes, used in
conventional MonteCarlo path integral LGT calculations

I Exists by default in a real experiment done guantum simulator.
prepare some Iinitial state and the appropriate Hamiltonian (in terms
of the simulator degrees of freedom), and let it evolve

A Signproblem:

I Appeardn several scenarios with fermions (finite density),
represented by Grassman variables in a Watkted, Euclidean
Spacetime

I In real experiments, as those carried out bguantum simulator,
fermions are simply fermions, and no path integral is calculated:
nature does not calculate determinants



Tensor Networks

A Thenumber of variablemeeded to describe states of a many
body systenscales exponentiallyith the system size. This
makes it hard to simulate large systems (classically).

A Tensornetworkd NB ! yANGT S F2 NJnabya O
body states mostly on a lattice, for eithexnalytical or
numericalstudies, based on contractions lofal tensors that
depend on few parameters

A In spite of theisimple description tensor network states
describe and approximatehysically relevant states of many
body systems



Tensor Network Studies of LGTs

A ReatTime evolution:

I Not available in Wick rotated, Euclidean spacetimes, used in
conventional MonteCarlo path integral LGT calculations

I Calculations iguantum Hilbert spaceswhere states evolve in real
time, instead of in Wickotated statistical mechanics analogies.

A Signproblem:

I Appeardn several scenarios with fermions (finite density),
represented by Grassman variables in a Watkted, Euclidean
sSpacetime

I Calculations igquantum Hilbertspaces 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 LGF Degrees of Freedom

A The lattice is spatialtime is a continuous, real coordinate.

A Matterparticles (fermions)c on thewvertices

A Gauge fields; on the latticeRlinks
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Gauge Transformations

A Act on both thematter andgaugedegrees of freedom.

A Local: a unique transformation
(depending on a unique
element of thegauge group
may be chosen for each site

A The states
areinvariant under each
local transformation separately
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SymmetryA Conserved Charge

T {‘Tr;i}nsformatlon rules on the links o000
g G -

9 1 o, P 9 _| @

O, |h) = |hg_ > O, = e'Pald)ta gl ©

g N i
~ ~ - I O .’r Uk @
O, |h) = |g_1h..> (—-)g — Ew“(g} a Oq .

® ®°, ©
. Fan Fan
I Gauge Transformations: 00 6O

0,5 = ] (ég (x. k) ©f (x _k, L)) a1 (x)

k=1...d
6, (x) [ W) =) vx.g

I GeneratorsA Gauss law left and right E fields:

Co(¥) = > (La(x k) = Ra (x — kb)) = Qa (%)

k=1...d
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Structure of the Hilbert Space

A Generators of gauge transformations (cQED):

G (x) =divLl (x) — Q (x)
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Gausslaw

Sectors with fixed [G (X) H ] — (0 Vx

Static charge
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