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Simulating quantum electrodynamics in 2+1 dimensions with qubits
and qumodes

Victor Ale, Tommaso Rainaldi, Enrique Rico, Felix Ringer, George Siopsis

We develop a hybrid qubit-qumode framework for simulating quantum electrodynamics in 2+1 dimensions. In this
approach, fermionic matter fields are represented by qubits, while U(1) gauge fields are encoded in continuous-variable
bosonic modes whose canonical quadratures capture the electric and vector-potential components of the theory. To
reconcile the non-compact phase space of the qumodes with the compact U(1) gauge symmetry, we introduce and
compare two complementary constraint-enforcement strategies: (i) a squeezing-based projection that confines qumode
states to the unit circle through an effective modification of the inner product, and (ii) a method that dynamically
enforces compactness via a penalty Hamiltonian term. We construct the corresponding hybrid Hamiltonian, derive its
decomposition into experimentally accessible qubit-qumode gates, and analyze its spectrum in the analytically tractable
single-plaquette limit. The hybrid formulation reproduces the correct gauge-invariant dynamics and provides a scalable
route toward simulating Abelian lattice gauge theories coupled to fermionic matter on near-term hybrid quantum
architectures. Ground-state preparation and convergence are demonstrated using a continuous-variable extension of the
Quantum Imaginary Time Evolution (QITE) algorithm, establishing a general framework for hybrid discrete-continuous
quantum simulations of lattice gauge theories.

And previous work by Ringer, Siopsis et al




Lots of interest towards physics
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One major goal: Quantum Chromodynamics
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The difficulties with QCD

k and sl @ The interaction is strong
@ Quark and gluons are never of order 1)

observed ( color confinement)

4 N\ Strong 1
- Electromagnetic 1/137
Weak 10°°
\_ -/ Gravity 10-%°

@ Unlike photons, gluons interact with themselves
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Perturbative vs nonpertubative
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Complexity of QCD?

BQP

Scalar QFT

RSA encryption scattering

problem

P/BPP

Multiplication of an nxn matrix O(n3)

BQP-completeness of scattering in scalar quantum

field theory (with arbitrary operator insertions)
Stephen P. Jordan'?, Hari Krovi3, Keith S. M. Lee#, and John Preskill®

Solve in polynomial time
with a quantum computer

Verifiable in polynomial time

Solve in polynomial time




Qubits, (qudits) and qumodes

Elementary units for quantum computation

* Qubits e Qumodes

* Realization with: superconducting * Realization with: photonics, trapped ions,

circuits, cold atoms, trapped ions, superconducting circuits,...

topological qubits, ... * Infinite-dimensional Hilbert space per
* Two-dimensional Hilbert space per qumode

qubit  Gate-based with continuous variables
* Digital gate-based computing with (CV)

discrete variables (DV) | W)

oz Computational qubits
. Catecte s M s
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®
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Qumode control qubits

Araz, Grau, Montgomery, Ringer ~ 24



Qubits and qumodes with different platforms

Superconducting Trapped ion Neutral atom
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© Superconducting qubit © lon qubit © Neutral atom qubit
7y Dispersive interaction v Sideband interaction v Sideband interaction

Platform dependence: Native gates, coherence time, connectivity Chuang, Girvin, Wiebe, et al.



Qubit states and operations

Gate type Operation Short Operator
Qubit Pauli operators ot >y
Rotation R;(0) i /2
Controlled NOT CNOT | efd(li=21)(12—X2)
|1)
G U . . Superposition
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Entanglement
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Lloyd and Braunstein ~ 99
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Qumode states and operations

Gate type ‘ Operation | Short | Operator \ /
\ / |ys)
|ws)
. '9‘1"‘ | Wl)
Qumode Rotation R(0) ewa'a )
Fourier F gizala 0
Displacement D(z) g —2"a -‘-
Single-mode squeezing S(2) e(z aa—zalal)/2 a. a : : AN
Beam splitter BS(z) ezalb—z"ab ) Q7 p
Kerr K() | oo : o
Cross-Kerr CK(z) | eals a,a'| =1« 1[¢,p] =1
Quadratic phase P(6) eizd®
Cubic phase V(6) ¢i34° ( >
Quadratures

Ladder operators
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.82.1784

Hybrid states and operations
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Hybrid Red sideband/Jaynes Cummings RSB(z) | eizaX"+iz"alx™
Blue sideband/Anti-Jaynes Cummings | BSB(z) | e8! X*+iz"aX~ ’y
Controlled rotation CR(6) eifZa'a
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|1)




Gaussian is (mostly) equivalent to Clifford
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Universality
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Universal gate set

Minimal set of gates to create any other

Instruction Set Name Minimum gate set
5 8 Lie brakets of small control set generate universality
.g éﬂ *E Gaussian G ={D(«),S(¢),BS(0, ) or TMS(r,¢)}
3 ‘8’ S
— Cubic G+ Us(z ~N T __Taoan ~m AN AN
n O X Y] = il + "2
.g = %’ Quartic G+Us(2)
S % 3
P O SNAP {D(a), SNAP($), BS(6, ) or TMS(r, ©)}
= o Phase-Space {CD(B), R, (0),BS(6,¢)}
2=l
L .
S8 Fock-Space {SQR(@, @), D(a), BS(#, go)}
ey
= Sideband (R, (6),IC(6),BS(8, »)}

Chuang, Wiebe, Girvin et al " 24 0




Hybrid example:




Lots of details and additional info

Hybrid Oscillator-Qubit Quantum Processors:
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Simulations of physical theories




The steps for the formulation

ﬁl’he QFT Lagrangian (continuum) \

* Switch to Hamiltonian formulation (continuum)
* Legendre transform

. L. — »Discrete space
* Choose gauge condition (gauge fixing) |1 |Continuous time
* Formulate a discrete version of the Hamiltonian <
» Staggered fermion formulation (Kogut-Susskind)
« Compact gauge dofs at each link 4 . N/ Qubits

* Map to qubits and qumodes

* Fermions =— Jordan-Wigner transformation (for example)
\ e Bosons = QHO spectrum (qumodes) /




Some selected challenges to tackle

* Representation of the Hamiltonian
* Hybrid qubit-qumode, qubit-only, gumode-only

* Ground state preparation (or even higher states)

* QITE, VQE (regular, ADAPT, SC-ADAPT,...), non unitary ansatz, adiabatic
state preparation,...

* Time evolution (Real time dynamics)
* Survival probabilities, correlations, ...

Many more ...




QED in 24/ \
(s - 92—2; (E2c. + B2 U%

1
HB:—2gza22n:(%+Prt),/

Hy =m) (-1)*tv¥]w,,

Hy = ns: S: [\Il;fl (U;,eu)q Untie, + h.c.]
N *




One plagquette
(E237 U23) / Bosonic CCR \

2
(o, 103 Ej, xk] = —ids

[Ej Uk] — Ukégk
(E12,Us2) \_ 7

d ™

Fermionic CAR

\{%’w};} — jk/

(¢1,77)




Gauss Law
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Gauss Law
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Gauss Law

KOnly dynamical dofs survive

e Resource reduction

~

Only one dynamical gauge link per plaquette

Hamiltonian is block diagonal in total

charge sectors

ey (fermions) Y (fermions)
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Zero-charge fermion states
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One-plaquette Hamiltonian after Gauss Law
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Note:
/ Bosonic CCR \

Ej, Xk = —10;

[Eja Uk] — Ukéjk
\_ /
There is no finite
dimensional faithful

representation of the
Weyl/CCR algebra

/ Fermionic CAR \
{wja %1} — Ujk
= /

There exists finite
dimensional faithful
representations of
the CAR algebra




Mapping fermions to qubits

Task: Find a representation

of the fermionic CAR in {wj 7 wl—i} — ]k 4(N+1)::

terms of Pauli matrices

Jordan-Wigner transformation (not unique)

k<j

w;f — (H —|—iZk> O';_

k<y




Mapping bosons to gumodes

Task: Find a representation

of the bosonic CCR in terms [E]7 Xk] — —26]k or [E], Uk] — Ukéjk

of gumodes

Qumodes are inherently non-compact but U(1) is a compact group !!

One possible solution:
Use two qumodes per link variable and then constrain them to the unit circle

and (q/\?)z —|— (q/\;)Z — :[[

Ej— Jj = 4jq; — 4;4;




The final Hamiltonian to simulate

2

H® = [Jz kJ — Q)+ (J+Q3)*+(J—Q1— Qzﬁ] :

" = 2—;2[(q - 1)*+(a")’, %
4

i [Qubits and qumodei
Hy = mo Z:(—l)1+ Qi g

H® = (X+X +((¢° — ig") X5 X5 |+ X X + X{ Z223X;) + hec.




Hybrid Hamiltonian for a general lattice

Qumode%

HI(E'Q) = g2 Z HSA/Jan’ +[H£,,12L/Qn<]n’]+ S%/QnQn’]) )

n !Qubitsl | Qubit and qumodes]|
HJ(\/?) = my ZK_)nm+nan ; )

1 . _
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Enforcing the constraint  (4;)* + (§;)* =1

IMPORTANTLY  [(gY)? + (¢1)?%, H] = 0,Vn

Inner product modification Hamiltonian penalty term
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Time evolution

Trotter-Suzuki formula

A

Chain of gates (unitaries) for small time steps




Time evolution
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Time evolution
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Ground state preparation (Method 1)

Quantum Imaginary Time Evolution (QITE) algorithm

(Y| e > H |¢)
(Y] e=2mH |9)

We show the necessary
gates and measurements to
go to imaginary time

2 METHODS*
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Ground state preparation (Method 1)

Ground state Energy with QITE
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Ground state preparation (Method 2)

Non-unitary ansatz (showing for pure U(1) gauge theory)

|¢0(8A)> x / 2ge 9 (P71 ot —1a? | g

Variational parameter
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Summary

**Hybrid qubit/gumode map for gauge theories with fermions

Computational qubits

o . o Collective modes (
**Gauge invariance is preserved r‘t./.
o

s»Feasibility with different hybrid platforms e
s*Determination of Time evolution and QITE algorithms

*Test some ground state preparation algorithms




Future: combination of

- ) - \

U(1) = fermions Compact
SU(2) = fermions
SU(3) = fermions Non-compact

- / - }/

May be more
natural for

4 )

Closed system Open system qumodes

, . o




Non-equilibrium dynamics and thermalization

dps(t)
dt

= —i[Hg, ps(t)] + Lps(t)LT — %{LTLaps(t)}

1.0
Simulator, N = 2
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0.8 oo
D =3.2 RK4, closed system
- Neycle =200 =+* thermal equilibrium
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Quantum simulation of non-equilibrium dynamics and thermalization in the
Schwinger model
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Extra




QITE Method A

AN 1

Zero qubit state @ <O| HaeiATO®Ya |O>a — _e_ATO + O((AT)Q)

V2

Need one ancilla (extra) qubit + postselection (measurement)

qumodes

qubits HATORY

0) ,—— H —~A+——|0)
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QITE Method B

A <0| 6i2\/E6®15A IO)A x e—ATéz

Only useful for operators such that

Ule A7

62

f'r_a;t operator

U — e—A’rO

Need one ancilla (extra) gumode + postselection (measurement)
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U Ut
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