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densities are naturally enclosed in the tensor network description. We explicitly perform calculations for
quantum electrodynamics in the spin-one quantum-link representation on lattice sizes of up to 16 x 16
sites, detecting and characterizing different quantum regimes. In particular, at finite density, we detect
signatures of a phase separation as a function of the bare mass values at different filling densities. The
presented approach can be extended straightforwardly to three spatial dimensions.

especially at finite charge density, mostly due to the sign-problem affecting Monte Carlo

deconfinement, while for high quark masses, we observe signatures of a possible topological order.

numerical simulations. Here, we report the Tensor Network simulation of a three dimensional
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HAMILTONIAN LAITICE GAUGE THEORIES
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QUANTUM SIMULATIONS OF LGT

CHANDRASEKHARAN, WIESE (1997)

1.HILBERT SPACE: Z,, @ #  WITH GAUGE-INVARIANT STATES

2.GAUGE D.O.F TO SPIN-LIKE OPERATORS: E.G. QED (E,U) — (5%, 57)
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https://www.sciencedirect.com/science/article/abs/pii/S0550321397800417?via=ihub
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THEY HARNESS THE POWER OF THE QUANTUM WORLD:
SUPERPOSITION, INTERFERENCE, ENTANGLEMENT

¢ Superconducting Qubits

¢Rydberg Atoms in Optical Tweezers
¢Trapped lons

¢ Optical Lattices

¢Photonic Circuits

¢Nitrogen-Vacancy Centers in Diamond

€ ... and more!
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TENSOR NETWORK METHODS
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(2+1)D SU(2) YANG MILLS LGT
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MINIMALLY TRUNCATED SU(2) FIELDS

G=1 EXPRESS GAUGE FIELD IN “ELECTRICAL BASIS”

Q Q Ij;mL7mR>

------------------- FNERGY CUTOFF

- 7€ N/2  COLOR (“SPIN") SHELL
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MINIMALLY TRUNCATED SU(2) FIELDS

G=1 EXPRESS GAUGE FIELD IN “ELECTRICAL BASIS”
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------------------- ENERGY CUTOFF IN THIS BASIS:

E?|j;mp,mg) = j(5 + 1)|j;mr, mg)
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MINIMALLY TRUNCATED SU(2) FIELDS
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MINIMALLY TRUNCATED SU(2) FIELDS
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MINIMALLY TRUNCATED SU(2) FIELDS
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MINIMALLY TRUNCATED SU(2) FIELDS
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MINIMALLY TRUNCATED SU(Z) LINKS
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SU(2) GAUGE LINKS VIA RISHONS

THE PARA TRANSPORT IN
ONIC RISHONS

o OO
o O =

EXOTIC FERMIONS

ZOHAR, CIRAC (2018)

ZOHAR, CIRAC (2019)
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SU(2) GAUGE LINKS VIA RISHONS ===

THE PARA "RANSPORT IN
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SU(2) GAUGE LINKS VIA RISHONS ===

THE PARA "RANSPORT IN
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SU(2) GAUGE LINKS VIA RISHONS ===
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SU(2) GAUGE LINKS VIA RISHONS ===

THE PARA TRANSPORT IN
ONIC RISHONS

| O|l1 O THREE LOCAL RISHON STATES
Cr = — 010 O
V2
110 O . | 0 lo 1 Q EMPTY (EVEN)
Cy = \ﬁ —110 0 ‘ RED (ODD)
010 0 /4 ‘ GREEN (ODD)



https://journals.aps.org/prb/abstract/10.1103/PhysRevB.98.075119
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.114511
http://www.apple.com/it/

2) YANG-MILLS HAMILTONIAN BERKELEY, QUANTHEP2025

SU(2) GAUGE LINKS VIA RISHONS ===
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GAUSS LAW AND DEFERMIUNIZATION
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FULL THEORY: ZERO & FINITE BARYON DENSITY
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(1+1)D SU(2) truncated model
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(1+1)D SU(2) truncated model

1D SU(2) invariant Hamiltonian
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« Decompose link in pair of rishons

ab L/R
Uj,j € f j+1,b fj,a fermion operators
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5-dimensional Hilbert space
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e Link parity constrain:
even number of rishon per link

S. Chandrasekharan, U. J. Wiese, Phys. Rev B 492 455 (1997); E. Zohar and M. Burrello, Phys. Rev D 91 054506 (2015),



(1+1)D SU(2) truncated model

1D SU(2) invariant Hamiltonian
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(1+1)D SU(2) truncated model

1D SU(2) invariant Hamiltonian
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e Localdressed basis:
embed each rishon in adjacent site

e Gauss law: each site on a color-singlet state



(1+1)D SU(2) truncated model

1D SU(2) invariant Hamiltonian
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e Localdressed basis:
embed each rishon in adjacent site

e Gauss law: each site on a color-singlet state

6 dimensional local Hilbert space
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(1+1)D SU(2) truncated model

1D SU(2) invariant Hamiltonian

2
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Local dressed basis

Model with local dimension 6




(1+1)D SU(2) truncated model

1D SU(2) invariant Hamiltonian

HZ%Z Z { ¢T Uabn-|_1¢n—|—1b‘|‘HC} ‘|—mOZ wna | ZEnn—l—l
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Local dressed basis

Model with local dimension 6

Mass term Field term
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Diagonal matrices!



(1+1)D SU(2) truncated model

1D SU(2) invariant Hamiltonian
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Local dressed basis

Model with local dimension 6

Hopping terms
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(1+1)D SU(2) dynamics

Pairs production
H = mZ(—l)ij +922(§j
Dirac ground state
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(1+1)D SU(2) dynamics

Pairs production
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“Mesons” : matter—anti-matter pairs



(1+1)D SU(2) dynamics

Pairs production
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“Baryons and anti-baryons”:
matter-matter and anti-matter—anti-matter pairs



(1+1)D SU(2) dynamics

Pairs production
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(1+1)D SU(2) dynamics

Pairs production
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(1+1)D SU(2) dynamics

Barion diffusion
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(1+1)D SU(2) dynamics

Barion diffusion
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(1+1)D SU(2) dynamics

String dynamics

O Resonant baryon
excitation

Baryons chain

Barion population

N
O

—
-

Lattice position

o

S. Kihn, E. Zohar, J. I. Cirac, and M. C. Bariuls, Journal of High Energy Physics 2015, 1 (2015).



Encoding the model into
trapped ions qudits

. —— —— -

See also other cool ideas for simulating LGTs with qudits

D. Gonzalez-Cuadra, T. V. Zache, J. Carrasco, B. Kraus, and P. Zoller Phys. Rev. Lett. 129, 160501 (2022);
I. V. Zache, D. Gonzalez-Cuadra, and P. Zoller, Quantum 7, 1140 (2023),

P. Popov, M. Meth, M. Lewenstein, P. Hauke, M. Ringbauer, E. Zohar, and V. Kasper, arXiv:2307.15173 (2023).
M. Meth, et al., arXiv:2310.12110 (2023);

M. A. Kruckenhauser, R. van Bijnen, T. V. Zache, M. Di Liberto, and P. Zoller , QST 8, 015020 (2022),
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A universal qudit quantum processor with trapped
ions

Martin Ringbauer ©'=, Michael Meth', Lukas Postler', Roman Stricker ®', Rainer Blatt"23,
Philipp Schindler®'and Thomas Monz©"?

Optical quditin “Ca *trapped ions
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Optical quditin “Ca *trapped ions

D, Zeeman splitted levels
Am = O, ::1, 12
S, Quadrupole allowed transitions

8 levels fully connected qudit
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Optical quditin “Ca *trapped ions
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A universal qudit quantum processor with trapped
ions

Martin Ringbauer ©'X, Michael Meth’, Lukas Postler’, Roman Stricker ©", Rainer Blatt"3,
Philipp Schindler®'and Thomas Monz '3

Optical quditin “Ca *trapped ions
Single qudit operations:

_________ — decomposition in rotations on pairs of levels
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Two-qudit operations:
S 72 decomposition in Melmer Serensen gates
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Encoding the model into qudiits

2 (1) p(1 7(2) H(2) Y s
H=3 APBI + AP B | +m Yy (-1, +9°) G,
J



Encoding the model into qudiits

2 (1) p(1 7(2) H(2) Y s
H=Y% |AVBY + APBY, tmY (1M +g° ) G
J J

Diagonal matrices:
single qudit operations



Encoding the model into qudiits

1 1 ~(2) 5(2) A ~
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Diagonal matrices:
single qudit operations
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Encoding the model into qudiits
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Encoding the model into qudiits
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Encoding the model into qudiits
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Encoding the model into qudiits
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Encoding the model into qudiits
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64 MS gates necessary for one
time step evolution of 3 sites



Qudit Malmer Sgrensen gate
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Generalised MS gate for qudits: simultaneously drive 4 transitions
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J J J

For qudit gates see also: D. P.J. Low, B. M. White, A. A. Cox, M. L. Day, and C. Senko, Phys. Rev. Research 2, 033128 (2020)



Qudit Malmer Sgrensen gate
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Just one generalised MS gate for
each hopping term!

For qudit gates see also: D. P.J. Low, B. M. White, A. A. Cox, M. L. Day, and C. Senko, Phys. Rev. Research 2, 033128 (2020)



Qudit Malmer Sgrensen gate
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Generalised MS gate for qudits: simultaneously drive 4 transitions
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| J J

Just one generalised MS gate for

each hopping term!
Price to pay:
~ (1 ~ (1
unwanted single qudit rotations (A§ ) )2 (B §+) 1 )2

For qudit gates see also: D. P.J. Low, B. M. White, A. A. Cox, M. L. Day, and C. Senko, Phys. Rev. Research 2, 033128 (2020)
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Generalised MS gate for qudits: simultaneously drive 4 transitions

H = A(.l)Bj(i)l + A(.Q)Bﬁ)1 -+ mZ(—l)ij + g° Z CA’j
| J J

Just one generalised MS gate for

each hopping term!
Price to pay:
~ (1 ~ (1
unwanted single qudit rotations (A§ ) )2 (B §+) 1 )2

Just diagonal matrices!

For qudit gates see also: D. P.J. Low, B. M. White, A. A. Cox, M. L. Day, and C. Senko, Phys. Rev. Research 2, 033128 (2020)
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Digital simulation of the model

, n
e Suzuki-Trotter evolution Ul(t) ~ (Hj et Hits/ n) N Trotter steps

o Circuit decomposition

Single qudit rotations

Circuit depth for only
entangling operations

D =4 2nd generalised MS

1st generalised MS

H=Y -+ AP B +m > (-1 + g2y 6




Digital simulation of the model

] T
o Suzuki-Trotter evolution U (t) ~ (H j etHits/ n) TV Trotter steps

e Circuit decomposition

D=1

o Full simulation including the vibrational mode 5.

Particle production for 3 sites =

0.2 —exact
e (ft =0.01x
o dt — 0.04r
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Digital simulation of the model

, n
e Suzuki-Trotter evolution Ul(t) ~ (Hj et Hits/ n) N Trotter steps

o Circuit decomposition

D=1

e Full simulation including the vibrational mode

Vacuum fluctuations Baryon diffusion
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Experimental considerations

o Calibration challenges
Intermediate protocol with two disjoint driven transitions
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o Calibration challenges
Intermediate protocol with two disjoint driven transitions
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e Suzuki-Trotter error

Second order ST evolution D = 6




Experimental considerations

o Calibration challenges
Intermediate protocol with two disjoint driven transitions
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Larger circuitdepth 1D = 16

e Link parity constrain
Mitigated by post selection
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e Suzuki-Trotter error

Second order ST evolution D = 6

o Impact of other errors on the gate fidelity

Error estimations




BERKELEY, QUANTHEP2025

CONCLUSIONS

> @ OUTLOOK
‘5 SUMMARY ’

Larger truncation of SU(2) group
4 Tensor Network Simulation (2+1)D

4 Quantum Sim. Design (1+1)D

Generalised MS-qudit-gates

Scattering Dynamics
4 (Not Shown) Scarring Dynamics

Local Bases Optimisation

Dipartimento
di Fisica

e Astronomia
Galileo Galilel

INFN |2/

QUANTUM




BLANK



BACKUP SLIDES




SCARRED DYNAMICS
OF THE LAITICE SU(2)YM




SCARS

THERMALIZATION IN CLASSICAL SYSTEMS

( ENVIRONMENT \

ERGODIC SYSTEM REP. PROG. PHYS. 81 082001 (2018)
ISOLATED MODEL COVERING THE WHOLE PHASE I'={x, ... x5 P15 - PN
CLASS|CAL SYSTEM SPACE AFTER A LONG ENOUGH TIME

EXCHANGE | EXCHANGE
k OF MATTER | OF ENERGYJ THERMALIZATION
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T— o0 T < >t— I dl"
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INTEGRABLE SYSTEM
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MOTION DISPLAYS PERIODICITY. —————> NO THERMALIZATION
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( ENVIRONMENT

ISOLATED

QUANTUM SYSTEM

H = ZEld))
\%W=ZQ@J
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OF MATTER | OF ENERGY y SCHRODINGER EQUATION

Y, B
mE |W(2)) = H|Y(D)

SMALL ENERGY SHELL

5E=\/(‘P\I§I2\‘P)—(‘P\I§H‘P)2

STATISTICAL MECHANICS

THERMALIZATION IN QUANTUM SYSTEMS

) 1
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£

STATISTICAL MECHANICS
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a NE,&E
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MICROCANONICAL ENSAMBLE AVERAGE

BUT THERMALIZATION IS OBSERVED
EXPERIMENTALLY IN ISOLATED COLD
ATOMIC GASES FOR MANY INITIAL STATES!

REP. PROG. PHYS. 81 082001 (2018)
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SCARS

EIGENSTATE THERMALIZATION HYPOTHESIS
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SCARS IN ABELIAN GAUGE THEORIES
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MODEL

GAUGE INVARIANT QUDIT MODEL

6 SU(2) GAUGE INVARIANT STATES (COLOR SINGLETS) :
6-QuDIT MODEL ON A QUANTUM COMPUTER
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SCARS

INITIAL STATE CANDIDATES FOR DYNAMICS

A polarized bare vacuum A bare vacuum
¢a Uab ?7Da Uab

@9 6-0 () 0-0 @9 6=0 (_) 0=0 09 00 () @9 oo () e=0 @9 o= () o= @9 o= ()
@ o @ OL=] ©@e=0 (@ O om0 @9

meson antibaryon-baryon meson antibaryon-baryon

— ...rg _gr...rg _gr... —
| Woy) =...2020...) 7 7 > [Wy) =1...2020...),,| -000....)
: = [5)[1)... 15 1)...[5)]1)

=16)12)...16)12)...16)2)

PRODUCT STATES: EASILY
IMPLEMENTED IN TN AND
QUANTUM SIMULATORS

88



BONUS CONTENT: SCARS

"UNIPD PEOPLE", JAD HALIMEH
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BONUS CONTENT: SCARS

ERGODIC VS NON ERGODIC BEHAVIOR |

~FOR OTHER INITIAL STATES
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Rishon representation

Truncated Link operator Left and right Generators of gauge transformation
on the link
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NUMERICAL RESULTS BERKELEY, QUANTHEP2025

fE ~\
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— TOPOLOGICAL INVARIANTS

The 2D SU(2) pure LGT has a
7~ X Z, topological symmetry

\ TOPOLOGICAL SECTORS J

are identified by the number of
. Hpure] =0 |P,,Hpyre| =0 NON-REMOVABLE LOOP EXCITATIONS




NUMERICAL RESULTS

BERKELEY, QUANTHEP2025

TOPOLOGICAL SECTORS

Topological Sectors are separated in energy:

If there is a TOPOLOGICAL
ORDER, It may survive

Lo | +1 1
Ei | —1 1
Ey | +1 —1
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‘ @
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100 4+ =$8— n =2
. -n=23
1 == n=14
102 101 10° 101

ONLY at the critical point
 |SVETITSKY, YAFFE (1982)

TAGLIACOZZO, VIDAL (2011)

In the g-crossover, the inter-sector (E,; — E;) and the intra-sector

(E, — Ey) gaps vanish, while opening tar from the transition.
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NUMERICAL RESULTS BERKELEY, QUANTHEP2025

EFFECTS OF MATTER ON TOPOLOGY

In the tull theory, the hopping term removes the topological symmetry

because of the action of l/{ill]jcf]ﬁ//tl//j_l'ﬂaﬂ . U flips the link parity \
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g IN THE LARGE m-LIMIT, THE SYMMETRY IS RECOVERED




2) YANG-MILLS HAMILTONIAN

BERKELEY, QUANTHEP2025

SU(2) GAUGE LINKS VIA RISHONS

EXPRESS THE PARALLEL TRANSPORTER WITH FERMIONIC RISHONS
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https://journals.aps.org/prb/abstract/10.1103/PhysRevB.98.075119
http://www.apple.com/it/
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.114511

INTRODUCTION

BERKELEY, QUANTHEP2025

FERMIONIC QMB OPERAITORS

HOW TO ENCODE FERMI-STATISTICS IN MATRIX NOTATION?

all c oo alN

AN e Ay . /
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DIRAC FERMION
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BACK-UP SLIDES BERKELEY, QUANTHEP2025

TENSOR NETWORK CONVERGENCE

¢ Fix a bond dimension y and perform a TTN simulation
¢ Obtain an estimate of ground state energy density &(y)
¢ Increase y — y’and obtain ¢’ < ¢

¢ Stop aty,,,. such that e(y) — e(x,,.,) < 107

¥ i =
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1073 - 107" 3
: : Pure Theory: g = 0.1 , Full Theory: g=1m =1
W 10— -
|
W O
1075 -
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BACK-UP SLIDES BERKELEY, QUANTHEP2025

DIMENSIONAL ANALYSIS FOR CONTINUUM LIMIT

GAUGE THEORY IN THE CONTINUUM HAMILTONIAN
SISCRETIZATION L ATTICE GAUGE THEORY
ELECTRIC _ S| w2, 4D " ;0" o . schio
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QUARK RATIO
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BACK-UP SLIDES

BERKELEY, QUANTHEP2025

20 STAGGERED FERMIONS s

o IDEA: place Spinor
A A components on sub

lattices to halve the

B 1 Brillouin Zone

(r% 7' v%*) — (6% 6%, £ 0”)

Free Fermions Dynamics with the Dirac
Hamiltonian: Hpyirqe = cy077-ﬁ + mczyo
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H2 D me* c(py = ipy) me? nc(—io, + ay) THE CHOICE OF THE SIGN BREAKS
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| c(py + ipy) —Hmic c(—10, — 0,) — G | NUCLEAR PHYsICS B. 185, 20-40
W, ) on even sites (J, J,) STAGGERING FACTORS
Place a 2-Spinor ¥ = on the 2D lattice: w =
P (1/14) 4 yy on odd sites (j, ) (O @ Q)
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BACK-UP SLIDES BERKELEY, QUANTHEP2025

TOWARDS AN OPERATIVE HAMlLTUNlAN
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BACK-UP SLIDES BERKELEY, QUANTHEP2025

USEFUL PROPERTIES OF SU(2) RISHONS

(-Rishons have a unique gauge transformation algebra,

generated by T = 2 c..Clc

T is genuinely local

171’42@] — [?191/12@] = 0

't is possible to check that {-Rishons transtorm covariantly under T

To|=->aue  |Ta]=-[Ta] =53 46
b b

Left- and Right-generators of the gauge field at link (j,j + ) can be expressed like

L. =T
£l transforms like U do
with L and R generators!




BACK-UP SLIDES BERKELEY, QUANTHEP2025

EXACT RESULTS ——————

0.4

GROUND-STATE

Q) ELECTRIC ENERGY (E?)
MAGNETIC ENERGY (B?)
WITH MATTER
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STAGGERED PARTICLE DENSITY
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BACKUP SLIDES BERKELEY, QUANTHEP2025

EXACT DIAGONALIZATION FLUCTUATIONS

O-O-O-O-O-OO~Q 00000 FLUCTUATING PARTICLE DENSITY: IT
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ONLY TRACE FOR POSSIBLE DECONFINEMENT




ANALYTICAL RESULTS BERKELEY, QUANTHEP2025

SU(Z) PERTURBATION THEORY

PLAQUETTE INTERACTION
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INTRODUCTION

BERKELEY, QUANTHEP2025

Exact Diagonalization (E

TENSOR NETWORK METHODS

lbert space of N-Body Systems GROWS EXPONENTIALLY: dim # = d

D) is not sustainable for large N

GROUND STATE ENERGY PROPERTIES —\

ENTANGLEMENT AREA LAW
EISERT ET AL. (2007)
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