Hamiltonian lattice gauge theory

Application to nonequilibrium and dense QCD matter
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Major Challenges in QCD

high-energy heavy ion collisions
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How is the quark gluon plasma created?

From BNL page

Fukushima, Hatsuda ("11) What phases are
. el e realized in the interior
Critical of a neutron star?

D e n S e Q C D " Quarkyonic

Temperature 7'

Wikipedia Neutron Star

Mass ~ 1.5 times the Sun
~12 miles in diameter

Matter

Solid crust
~1 mile thick

quark matter?

CFL-K0, Crystalline CSC Heavy liquid interior

Meson supercurrent Baryon Chemical Potential s cv‘,‘;:tz::;‘;’;’;fc,es
Gluonic phase, Mixed phase

Nuclear Superfluid




Difficulty

Sign problem: Difficulties In first-principles
alculations based on importance sampling

(0) = | DA det(D + m)e®O




Hamiltonian approach

Directly solve Schrodinger equation!

Smaller systems can be
simulated directly

Tensor Networks

Quantum simulation




Difficulty in Hamiltonian gauge theory

Infinite degrees of "
at approximation is
freedOm U E SU(N ) compa’filgle with gauge

- & = = - ]
Link variable is continuous continuous symmetry’

(regularization required)

Large gauge dim
redundancy

need to solve Gauss law constraint

phys




Outline

eFormalism
- Kogut-Susskind Hamiltonian formalism

e Application

- Confinement-deconfinement phase transition
IN mean field approximation wer oo (2023) 123

- Thermalization on a small lattice (Phys. Rev. D 103, 094502(2021))
= QCD2 at finite density (2605.17183)

- Quantum computing (zso.13s30

eSummary




Kogut-Susskind Hamiltonian formalism
Kogut, Susskind (75




Kogut-Susskind Hamiltonian formalism

Time 1s cont

Kogut, Susskind, Phys. Rev.D 11, 395 (1975)

nuous, space is discretized

: (e):Link variable € SU(/N) on edge e

, L:(e), R(e):Left and right electric fields € su(/NV)




Commutation relation

R(e), U(e")] = U(e)T 0, .

A E0 w1, Ue)] = U@,

Lfe), Le)] = — 1f";:Li(e)0, .
R(e), R(e)] = if*,R(e)5, .

= 1O
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Hamiltonian

(E(e))” ——= ) (trU(f) + trU"(f))

gl (=] O

(,:set of faces




Regularization:
SU(3) — SU(3), :Quantum deformation

which preserve properties of gauge symmetry

Solving Gauss law constraint:
Physical states are network of Wilson lines

/l\H\ Y a, b, c, ---: representation of Wilson lines,
y e.g., fundamental, adjoint,...

A & 9 |

O e I et

U, v, p, -+ € N : Multiplicity index

\(\(\( with fusion rule a X b = 2 N



Algebra of Wilson lines for SU(3),




SU(3), Yang-Mills theory

Hamiltonian =—- Y Ee)?-=Y wU(f) + U (f))
eeC, fet,

Action on a state




Application

onfinement-deconfinement phase transition

in mean field approximation for SU(3),
In (2+1) dimensions




Variational ansatz for wave function

Dusuel, Vidal, Phys. Rev. B 92 (2015) 12, 125150, Zache, Gonzalez-Cuadra, Zoller, 2304.02527, Hayata, YH, JHEP 09 (2023) 126

:szaf trUq, 0
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We minimize the energy expectation value

~open boundary condition, infinite volume limit




Numerical results

Comparison with Monte-Carlo simulation

Plaguette
Phase diagram (small Wilson loop) String tension

Confined

. Monte Carlo

Monte Carlo
— k=50

== k=10

Topological

Good agreement
for large k!



Thermalization on a small lattice
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Setup

In order to mimic heavy ion collision experiments,
the Interaction quenching




Expected behavior

for an operator O (0®)) = (Y| 0|¥Y®)




Temperature and Canonical Ensemble

Energy Is fixed by an initial condition
E=(H)=M0|H|Y(®))
(Independent of time)

For a given energy,
a canonical distribution that reproduces
the expected value can be defined

e_ﬁH

tre—PH

! D (H)eq = trp,H with Qo=



Expected value of Wilson loop
Weak coupling (high temperature

Y~ e

Steady state observed

Relaxation time

Close to Boltzmann time 27/.
Goldstein, Hara, Tasaki, New J. Phys. 17 (2015) 045002



QCD, at finite density




(dimensionless )QCD, Hamiltonian

== e e — zgoa o I m()/g() We use go — 1 unit

N—
H/gy=J ) EXn) Electric field term




As a variational ansatz of wave function

o We employ a matrix product state

) = ) |ng)e | mp)eM e MY
in;}
[M"],;: D X D matrix

eOptimize the wave function by
density matrix renormalization group technique

E = min(y | H|y)
£ We employ VUMPS




Numerical Results

Fujikura, YH 2605.17183
Equation of state sound velocity quark distribution

ga=0.25,m/g=1.0

np/g =

/ _
np/g =
ng/g =
np/g =
np/g =
ng/g =
np/g =

03 04 05
ng/g

Low-energy behavior:
Tomonaga-Luttinger liquid

Baryonic to quark Luttinger liquid crossover


https://arxiv.org/abs/2605.17183

Quantum computing

eNatural method to solve quantum systems

So far, noise is large,
the number of qubits are small.




Quantum simulation of (2+1)D non-Abelian gauge theory

Hayata, Hidaka, Kikuchi, 2601.13530

e Analyzing high-dimensional QCD using quantum computation
Is difficult with current qguantum computers

eNon-Abelian gauge theory ~ a theory with non-Abelian anyons

eSimplest model = Restrict SU(2); to integer spins (Fibonacci anyon)
so the local states are the two types, 1,7

Simulation in (2+1)d

Classical simulation results Experimental results

= Noiseless Quantum ComPUter

;o “REIMEI”

4 plaquettes
Periodic boundary conditions

8aAiqHbllS Quantinuum H1




Fibonacci anyon model

Red: the link acted on by E
Black: the plaquette acted on by B

Lattice structure

Action of operators

E:la =6, |a

Implementation of the F-symbols

[F§™] =

X ® X




Summary

Formalism
» Kogut-Susskind Hamiltonian formalism

— Regularization SU(N)—-SU(N ),(quantum deformation): finite-dim Hilbert
space, gauge symmetry preserved; physical states = networks of Wilson lines

Application

» SU(3), gauge theory in (2+1) dimensions: confinement-topological phase
transition; plaquette & string tension agree with Monte Carlo at large k

- Thermalization of Yang—-Mills in (3+1)-dimensional small systems: relaxation time
~ Boltzmann time t_eq ~ 2r/T

- QCD, at finite density (MPS): baryon—-quark transition, inhomogeneous phase;
Tomonaga-Luttinger liquid

- Quantum simulation of (2+1)D non-Abelian gauge theory: Fibonacci anyon on
Quantinuum H1 (“REIMEI”), 18+2 qubits



