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Introduction and motivation

® External-field probes are a natural way to study the response of strongly interacting quantum
systems — a background electric field (BEF) can drive a non-trivial reorganization of the
vacuum

® (24 1)-dimensional QED is an Abelian, confining theory with chiral symmetry breaking - a
tractable stepping stone towards QCD

® A BEF makes the Euclidean action complex = sign problem. Background magnetic fields
have been studied on the lattice for QCD, but the electric case is largely unexplored

® Hamiltonian (quantum-simulation) methods sidestep the sign problem entirely

® This work: the first study of BEF-induced screening and confinement in this formulation.
Notably, Chernodub et al. (10.1103/PhysRevD.64.114502) see no shift in confinement from a
real background flux, whereas the c-number BEF here does shift it
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https://doi.org/10.1103/PhysRevD.64.114502

(2+1)-QED

® Confining theory with static potential given by V(r)
V(r)=alogr+or+ W,

where r is the distance between charges, « is
the Coulomb coefficient, o is the string
tension, and V; is a constant

® This model has chiral symmetry breaking -
there is a discontinuous jump in the chiral
condensate at m =0

® Picture taken from Crippa, et al. (2411.05628) ~——n—~— ———
alogr or

4/22


https://arxiv.org/abs/2411.05628

The Hamiltonian

® Using the staggered Hamiltonian from Crippa (10.3204/PUBDB-2025-02390
g gg PP
2
_g e (B L | pt
H=75 Eﬂ [(En,x+&) +(En,y+8y)} rarg? E [PH+PH}

+ 271-3 Z [(b}U,;;qﬁ,ﬂ; - h.c.] — % Z |:(_1)"x+"y¢j'?Ur;}—;¢ﬁ+}7 + h.c.]

+m > (-1 olos)
= He(€) + Hs + Hk + Hu,
using open boundary conditions. Here £; is the constant BEF. This is defined as a c-number shift
E,%ﬂ — (Esz+ 5g)2

¢ Dimensionless quantities: A = % and x = ag?
g
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https://bib-pubdb1.desy.de/record/633343

Sign problem

® Writing the partition function in terms of the Hamiltonian
Z=Tr [efﬂ”] ,

® From here, consider just the electric term

He =& > [(E~~ + &)’ + (Esg + 5~)2]
2 _ n,x X n,y y 9

moreover, a single link

g’ 2
Hip = 5 (Esj + €x)

T = (Arsele” 57 |A)

® Via Poisson resummation

AL A+ 2mwq )
77—,‘7[5 X Z exp [—( ’“2g2€ "u) — I(‘:ﬁ(ATA,-,:ﬁ + 27Tw,-,‘7/1‘)
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Gauss law and link elimination

® Gauss law is defined by

Gy = |Ef—z s+ Eimyy — Eix — Eay]l — g7 — Q&
Gilp) =0VA < |P) € Hpnys

® This is used, alongside zero charge, to reduce the number of dynamical links. Example shown here:

O O
O

® Only requires Ny = N, — (N — 1) dynamical links
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Truncations and digitizations

The U(1) gauge symmetry is truncated to a Z;, Z; — U(1) as L — oo

This limits the eigenvalues of Ez ; to be in [—L,..., L], achieved with n, = [log,(2L + 1)]
qubits per link

Examples of different truncations:

ng=2++1[-1,0,1, ng=31[-3,...,3], ng=4<[-7,...,7]

Gauge links: Gray-encoding; fermions: Jordan-Wigner (one qubit per site)

or= | [] —iz*| (X" +iv™)
k<i

Total qubits Nigtas = N + ng - Ny
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VQE strategy

ISWAP(6) gates chosen to maintain zero charge.

Rxx(6) Ryy(6)

® Gates on gauge qubits are chosen to not allow the state |10...0) for a given number of qubits
per gauge link

® | use natural gradient simultaneous perturbation stochastic approximation (NG-SPSA) as the
optimization routine.

® Quantum error mitigation methods used: MEM, SV, ZNE
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Effectiveness of QEM

L]
° . .
0 . °
L]
L] ° [ ]
Py 9
® NoQEM
*  MEM only
® SVonly
e MEM and SV
® MEM, SV and ZNE
Numerical diagonalization
015 1?0 115 210 2?5 310

g

® Recreating the work by Crippa, et al. (2411.05628)
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https://arxiv.org/abs/2411.05628

Screening phase structure of Z3; model

® Using ng = 2, | investigated phase structure
of BEF-induced screening

® Tested the value of

d(P)

xp(€r) = T
“

where

P= Z Py = %Z [1 — (—1)”X+"yzﬂ .

® On the right, | show the maximum value this
takes for a given (X, x)

® The located screening field values (£* < 7) lie "™ ||

h . 0500 0667 0833 1000 1167 1333 1500 1667 1833 2000
well outside the representable dynamical range

elg(Eﬁ,ﬁ) € {_17 07 1}
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Effect on confinement properties

& = Ex4y is a bidirectional field

® Studied the change in string tension and
location of string breaking

® |ncreases string tension; makes sense as it
provides flux strings with energy to produce 141
dynamical fermions

® Can see that the truncation shifts the value of

Q
this, but qualitatively is the same across them ° ol
all

® Signals to the values being not exact, but a 81

qualitatively physical result

00 02 04 06 08 10

12/22



Effect on confinement properties

® g*(&) marks where the confining linear region
ends - where screening occurs and particle
number jumps

2.04

® As & increases, this corner shifts to lower g:
the BEF drives screening at weaker coupling

® Essentially ng-independent - curves for
ng =2,...,5 overlap, so this is not a
truncation artefact

g(&)

® Consistent with the string-tension picture: the
field feeds the flux string, reaching the
pair-production threshold sooner

Steps are from discrete g-sampling, not physical
plateaus

0.0 0.2 0.4 0.6 0.8 1.0
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Chiral symmetry breaking (preliminary)

® Have also explored chiral symmetry breaking

. . 2.00 4
properties via

a<c> 1.754

xe om’ 1.501

where _ 125 ]

(€)= (¥y),

and & 1007

¢=3" [0 olad

® The BEF induces non-trivial behaviour 0.501

® These results are currently still under 0251
investigation

0.00 4

“100 075 050 -025 000 025 050 075 100
A
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Conclusion

® Even these small lattices show clear signals
® Truncation has a quantitative effect, but contains many of the useful features
® Truncation doesn't limit too badly in moderate coupling

® QEM is very effective for these symmetry-predictable systems

Much larger lattices are required to extrapolate to true phase structure

In the medium-future, non-variational groundstate preparation would reduce the classical overhead
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Bonus: circuit requirements

Lattice size ng Qubit count Rotational Rotational Total
gauge gates fermion gates rotational

gates
3x2 2 10 4 7 11
3x2 3 12 8 7 15
3x2 4 14 12 7 19
3x2 5 16 16 7 23
4x2 2 14 6 10 16
4x2 3 17 12 10 22
4x2 4 20 18 10 28
4x2 5 23 24 10 34
4x3 2 24 12 17 29
4x3 3 30 24 17 41
4x3 4 36 36 17 53
4x3 5 42 48 17 65

Table: Quantum circuit requirements for (2 + 1)-QED lattice models.
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Bonus: kinetic term convention

® |n the Hamiltonian, the kinetic term is defined as

He = > (i, B)$hAs i dmsa,
i i

® |f the Gauss law is defined as

Gy = [Es-xx+ Ea—yy — Esx — Eagl — g7 — Q7 = Asn= U,;ﬁ
® Or
Gy = Bz + Eiy — Eixx — Eimyyl + a7+ Qv = Asp = Usp
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Bonus: energy difference for truncations

AH,, = H(ng) — H(ng — 1)
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Bonus: energy difference for different sectors

AHp,irs = [H(g, &; charges) — H(g; £ = 0.0, charges)] — [H(g, £; no charges) — H(g; £ = 0.0, no charges)]
= AHz:harges — AHyacuum

P 141 — AHoharges o) T Ao
AHyacum AHygouum
124 7/ AHba\rs = AHpmrs

2

10
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Bonus: big ¢(&) plot

181 — ny=2
— ny=
16{ — ng=4
— ng=5
144
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Bonus: big g(&) plot
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Bonus: big Y. plot
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