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We propose a scalable analog quantum simulator for quantum electrodynamics (QED) in two
spatial dimensions. The setup for the U(1) lattice gauge field theory employs inter-species spin-
changing collisions in an ultra-cold atomic mixture trapped in an optical lattice. Building on the
previous one-dimensional implementation scheme of Ref. [1] we engineer spatial plaquette terms for
magnetic fields, thus solving a major obstacle towards experimental realizations of realistic gauge
theories in higher dimensions. We apply our approach to pure gauge theory and discuss how the
phenomenon of confinement of electric charges can be described by the quantum simulator.

Introduction. There are strong efforts to quantum
simulate gauge theories such as quantum electrodynam-
ics (QED) using various platforms including cold atomic
gases [1–3], Rydberg atoms [4], trapped ions [5, 6] or
superconducting qubits [7]. Much progress has been
achieved in one spatial dimension, and first experimen-
tal realizations of small systems in two dimensions have
been shown [8–10]. However, scalable experimental im-
plementations of two- and higher-dimensional setups are
still elusive. Here the main challenge is the efficient con-
struction of gauge invariant plaquette terms of the lattice
field theory, corresponding to magnetic field interactions.
Their interplay with electric fields is crucial even for ba-
sic phenomena, like the propagation of transversely po-
larized photons, not present in one dimension.

Gauge field dynamics in two or more spatial dimen-
sions can give also access to one of the most intriguing
phenomena: confinement. The most prominent example
is the confinement of quarks into colorless hadrons, form-
ing the basis for nuclear matter in quantum chromody-
namics [11]. Another example is confinement of electric
charges in compact quantum electrodynamics [12]. Its
description can be a difficult problem for classical com-
putational techniques and quantum simulators promise
important progress in our abilities to address equilibrium
as well as dynamical properties out of equilibrium from
first principles.

So far, proposals to engineer the magnetic field inter-
actions using atoms in optical lattices rely mainly on per-
turbative constructions [13–18]. Other approaches, using
Rydberg atoms in optical tweezers [19], two-dimensional
arrays of superconducting qubits [20, 21], Floquet en-
gineering in optical lattices [22], or universal quantum
computers [23, 24], currently focus on gauge theories with
small local Hilbert spaces, which are typically unable to
describe important phenomena with large fluctuations of
electromagnetic fields.

Here, we propose a new scheme to quantum simulate
the gauge fields of compact QED in two spatial dimen-
sions using a two-species mixture of ultra-cold spinor

Bose gases trapped in an optical lattice. We represent
electric fields by site occupations on a lattice [13, 16, 25]
and the electric field energy results from on-site inter-
actions. The engineering of gauge invariant plaquette
terms is based on hetero-nuclear atomic collisions similar
to those successfully demonstrated in the recent exper-
iment of Ref. [1]. Neighboring unit plaquettes are con-
nected by forming superpositions of the atomic clouds.
This can be realized via resonant microwave dressing or
laser-assisted tunneling. We exploit that our cold-atom
system approaches QED by putting Bose-Einstein con-
densates (BECs) with large numbers of atoms on the
lattice [26–28], rather than single atoms [13]. The high
tunability of the proposed approach gives access to a wide
range of coupling strengths, including regimes of QED in
which perturbative treatments are poorly controlled.

In our setup, confinement will be directly detectable as
a finite change in occupation number on the links that
connect two static charges, even for increasing distance
D → ∞ between the charges. As an illustration, we
discuss the emergence of confinement in compact QED
in the weak coupling regime, using a variational ansatz
for the ground state wave function [29]. We explain
that the phenomenon of confinement will be robustly
observable for the proposed cold-atom implementation
against experimental imperfections due to finite boson
numbers and unwanted inter-species density interactions
of the atoms.

Lattice gauge field theory. In the Hamiltonian formu-
lation of compact QED we introduce electric fields and
gauge links on a two-dimensional spatial lattice. They
are positioned at links between sites n = (nx, ny), as
sketched in Fig. 1a. On a link at site n, and pointing in
direction i, the field operators act on electric field eigen-
states as Ên,i |j〉n,i = j |j〉n,i, Ûn,i |j〉n,i = |j + 1〉n,i,
with j ∈ Z [30]. Local U(1)-symmetry implies conserva-
tion of the Gauß operators Ĝn =

∑
i=x,y(Ên,i−Ên−î,i)−

Qn/e, where the Qn represent classical static charges, e is
the gauge coupling and î is the unit vector in direction i.
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∼ λn̄2
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n- ̂x

n- ̂y

= |1⟩n,B

|0⟩n− ̂y,B

|1⟩n,A

|0⟩n− ̂x,A

|+⟩n,x

electric term
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magnetic term
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Figure 1. (a) Sketch of the implementation scheme. Atomic
clouds are trapped in the minima of the optical lattice at
the center of the plaquettes (dark gray shaded regions). The
gauge field degrees of freedom (ellipses) are formed by cre-
ating superpositions of the four hyperfine levels in each well
with neighboring clouds along the x- or y-axis, respectively.
(b) Magnetic plaquette interactions of four neighboring links
are formed by atomic scatterings within the minima of the
optical lattice (left). The electric field energy is given by
homo-nuclear density interactions forming an on-site poten-
tial (right). The electric field strength is represented by the
atom number on each link relative to a background number n̄.

In temporal-axial gauge, the Hamiltonian reads

ĤQED =
e2

2

∑
n

(Ê2
n,x + Ê2

n,y) (1)

− 1

2a2
se

2

∑
n

(
Ûn,xÛn+x̂,yÛ

†
n+ŷ,xÛ

†
n,y + h.c.

)
,

with spatial lattice spacing as. The first line of (1) de-
scribes the electric energy. The second line represents
the magnetic energy, which introduces a gauge invari-
ant coupling of neighboring links in a closed plaquette
of the lattice. Electric field operators have been made
dimensionless by rescaling with appropriate powers of
as, and we define a dimensionless coupling parameter
as g2 = e2as.

Cold-atom implementation. We propose to realize a
quantum simulator for Hamiltonian (1) using an atomic
mixture of two spinor Bose gases, trapped in a two-
dimensional optical lattice, see Fig. 1a. For the map-
ping we associate the gauge links of the original formu-
lation with bosonic annihilation/creation operators, and
electric fields with respective number operators. More
precisely, within each well labeled n according to its
lower-left corner, we focus on two spin states for both

species A and B: |0〉n,A/B and |1〉n,A/B . We then couple
neighboring wells through laser-assisted tunneling with
appropriately chosen frequencies, which yield the su-
perposition states |+〉n,x = (|0〉n−ŷ,B + |1〉n,B)/

√
2 and

|+〉n,y = (|0〉n−x̂,A + |1〉n,A)/
√

2, see Fig. 1a. These su-
perposition states |+〉n,i are the ones which are identified
with the gauge link degrees of freedom of link (n, i) of
the original lattice gauge theory formulation, and the as-
sociated creation (annihilation) operator we denote by

b̂†n,i (b̂n,i). Hence, the wells of the optical lattice are
centered in the associated plaquettes of the lattice gauge
theory. The appropriate gauge field dynamics arises then
from the on-site homo- and hetero-nuclear contact inter-
actions between the atoms within each well. This con-
struction constitutes the crucial ingredient for our pro-
posed implementation: it allows gauge fields on links to
interact with two neighboring plaquettes, thus realizing
the gauge-invariant plaquette interaction for magnetic
fields via atomic collisions of sizable strength.

The construction yields the cold-atom Hamiltonian

ĤCA =
χ

2

∑
n

∑
i=x,y

b̂†n,ib̂
†
n,ib̂n,ib̂n,i

− λ
∑
n

(
b̂†n,xb̂

†
n+x̂,y b̂n+ŷ,xb̂n,y + h.c.

)
+
δ

2

∑
n

(b̂†n,y b̂n,y + b̂†n−ŷ,y b̂n−ŷ,y)

× (b̂†n,xb̂n,x + b̂†n−x̂,xb̂n−x̂,x) . (2)

Here, the first line encodes intra-species density in-
teractions corresponding to the electric field energy,
see Fig. 1b. The inter-species collisions in the sec-
ond line describe the desired magnetic plaquette interac-
tion. There are also additional gauge-invariant interac-
tion terms, described by the third and fourth lines, which
represent inter-species density interactions. Direct tun-
neling is considered to be sufficiently suppressed through
an external gradient such that associated processes can
be neglected and do not appear in (2). Since we are deal-
ing with a lattice field theory, we furthermore exploited
that processes of order O(as) vanish in the continuum
limit as → 0. We also considered an equal strength of
homo-nuclear density interactions in both species. All
coupling constants are assumed to be positive χ, λ, δ > 0,
which depends, in general, on the choice of species. The
sign of λ can always be chosen by appropriate initializa-
tion of the condensate phases.

To explain the relation of our cold-atom Hamil-
tonian with the Hamiltonian (1), we employ a
number-phase representation of the bosons, where
b̂†n,i =

√
n̂n,i exp(iφ̂n,i) with commutation relations

[n̂m,j , exp(iφ̂n,i)] = exp(iφ̂n,i)δnmδij . We expand the
Hamiltonian (2) around a large background atom num-
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ber n̄� 1 and find

ĤCA = ĤQED +O
(
n̂− n̄
n̄

)
+
δ

2

∑
n

(Ên,y + Ên−ŷ,y)(Ên,x + Ên−x̂,x) , (3)

where we dropped irrelevant constants. To identify the
leading cold atom contribution with compact QED, we
represent the atomic electric field operators as deviations
of the boson number occupation from the background,
Ên,i = n̂n,i − n̄, and the corresponding gauge links by

the approximately unitary operators, Ûn,i = b̂†n,i/
√
n̄ =

exp(iφ̂n,i) + O
(
Ên,i/n̄

)
[13, 16, 25]. This identification

fulfills the commutation relations of compact QED with
the exception of [Û†n,i, Ûm,j ] = 1/n̄ → 0 , which be-
comes accurate in the limit of large background atom
numbers n̄� 1.

While all terms in the effective cold-atom Hamilto-
nian (2) are gauge-invariant, the interaction ∼ δ does not
lead to a Lorentz scalar in the continuum limit. Thus,
for a given lattice size, one has to limit the strength δ
with respect to the electric field energy. Experimentally
this may be efficiently achieved by reducing the inter-
species overlap with respect to the homo-nuclear one.
The overall time scale of the experiment is of the or-
der 100 Hz as recently demonstrated in the experimental
setup of Ref. [1]. In the limit of negligible δ we then
identify the atomic QED coupling constants as e2 = χ,
a2
s = 1/(4χλn̄2), which yields the dimensionless coupling
g2 =

√
χ/4λn̄2. By appropriate choice of parameters

one can in principle tune g2 across a wide range of values
reaching both the strong and the weak coupling regime.
However, one needs to ensure convergence of physical
observables with respect to further increases of n̄ while
keeping the dimensionless gauge coupling fixed by, e.g.,
decreasing λ. Experimentally this can be achieved by re-
ducing the ratio of inter-species to homo-nuclear overlaps
in a similar way as for δ.

Confinement in compact QED. Confinement is easiest
understood for strong coupling, where the electric field
energy dominates. For two opposite elementary charges
it confines their static electric field to a string of unit
flux along the shortest path. For weak couplings, mag-
netic field interactions tend to delocalize this flux string.
While it is destroyed in three-dimensional compact QED,
it remains intact in two dimensions: At zero temperature,
the two-dimensional theory confines charges in both lim-
its g2 →∞ and g2 → 0 [29, 31]. Then the energy density
in the flux string between two opposite external charges
remains constant with their separation D. Thus their
combined potential energy increases linearly with D such
that the charges are confined.

As an illustration of our approach, we character-
ize confinement in the weak coupling regime employ-
ing the variational technique of Ref. [29]. Choosing
a gauge-invariant superposition of quadratic trial wave
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Figure 2. Top: The relative atom number on the x-links,
〈n̂n,x〉 − n̄, exhibits a confining string (top) between two op-
posite external charges in the quantum theory. Here, the
distance is D = 100as with g2 = 1 and µ2/e2 ≈ 0.071/as.
Bottom: The corresponding classical Coulomb case is shown
by switching off quantum fluctuations (g2 → 0).

functionals, one minimizes the Hamiltonian energy den-
sity under the Gauß constraint of two external charges
with separation D. For large separation D, this pro-
cedure yields the energy 〈ĤQED〉 ∼ σD, where σ =
(π2 − 4)µ2/2π3 is the string tension [32] and µ2a2

s =
4π2 exp(−(2g)−2

∫ π
−π d2k/

√
4− 2 cos(kx)− 2 cos(ky)) is

a characteristic scale, generated by self-interactions of
the gauge fields, and setting the length scale of confine-
ment D & e2/µ2 [29].

Confinement in a cold-atom quantum simulator. We
now turn to the cold-atom implementation of compact
QED, (2) and (3), which includes the two main imperfec-
tions of a finite boson number and the inter-species den-
sity interactions. In the following, we account for both
of them using a perturbative analysis around the varia-
tional ground state wave functional in the limit n̄ → ∞
and δ/χ → 0 for small couplings g2 to compute atom
numbers 〈n̂n,i〉 and the ground state energy 〈ĤCA〉.

Since the perturbations enter the ground state only
in second order, the leading result for the atom num-
ber gives the same electric field as in compact QED,
〈Ên,i〉 = 〈n̂n,i〉 − n̄ = 〈Ên,i〉. For the atom number on
x-links in the center of the string we find 〈n̂x〉 ≈ n̄ −
µ2as/(πe

2) log(µ2as/(πe
2)), for y-links we get 〈n̂y〉 ≈ n̄

in the limit of infinite volume and charge separation. For
finite lattices, which are relevant experimentally, we show
the result in Fig. 2 where one observes that the atoms
form a confining flux tube between two external charges
at n+ = (-D/ (2as) , 0) and n− = (D/(2as), 0). The re-
sult is obtained on a 200×200 square lattice with periodic
boundary conditions. While our theoretical estimates are
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strictly valid only in the g2 � 1 region, confinement is ex-
pected to persist for all values of the gauge coupling. For
the illustration of Fig. 2 we have evaluated our theoreti-
cal results at g2 = 1, i.e. extrapolating beyond the well-
established weak coupling regime. The validity of such a
procedure could be tested in a future quantum simulation
experiment at intermediate to strong couplings [33].

The result for the energy expectation 〈Ĥ〉 of the
ground state is shown in Fig. 3. Results are obtained
on a 4000 × 4000 lattice for g2 = 1, corresponding
to µ2/e2 ≈ 0.069/as. While at short distances (D .
e2/µ2) the classical Coulomb energy contribution is vis-
ible, at large distances (D � e2/µ2) the ground state
energy is dominated by the linear confining potential
generated from quantum fluctuations. The first cor-
rection to the QED Hamiltonian due to the finite bo-
son number of the cold-atom realization (3) is given by
δĤn̄ = −(4n̄a2

se
2)−1

∑
n(Ên,x + Ên,y + Ên+x̂,y + Ên+ŷ,x +

2) cos(φ̂n,x − φ̂n,y + φ̂n+x̂,y − φ̂n+ŷ,x), which close to

the continuum limit (as → 0) reduces to δĤn̄ →
−(2n̄a2

se
2)−1

∑
n cos(φ̂n,x − φ̂n,y + φ̂n+x̂,y − φ̂n+ŷ,x), up

to an irrelevant constant. With the identification Ûn,i ≈
exp(iφ̂n,i) this term is of the same structure as the pla-
quette term in (1). Hence, at leading order, we obtain a
correction to the string energy 〈δĤ〉n̄ = −2µ2D/(π3n̄),
which smoothly goes to zero for large n̄, see the inset
of Fig. 3.

The second correction concerns the inter-species den-
sity interactions with strength δ. We find their contribu-
tion vanishes to linear order in δ within our perturbative
analysis. This follows from the symmetry property of
the ideal QED ground state (with external charges at
y = 0) under the parity transformation Py = −y: elec-
tric fields transform as vectors; they are antisymmetric
along y-direction. While the leading (δ → 0) part of the
Hamiltonian is invariant under this transformation, the
linear δ-correction is antisymmetric and vanishes. We
hence conclude that confinement persists against first or-
der corrections in our proposed implementation scheme.

Initial state preparation and observables. To observe
confinement in our 2D quantum simulator we propose to
prepare the system in its electric ground state in the limit
g2 → ∞, corresponding to spatially separated species,
i.e. λ → 0. We assume that within each well of the
optical lattice the atoms initially condense in the spin
state |1〉 for both species. Then, electric field eigenstates
are obtained by ramping up the coupling of the respec-
tive neighboring clouds to form the symmetric superpo-
sitions |+〉 [34].

Introducing a pair of external charges ±Q requires
single-site control over the atom number on a single-
particle level. This allows to choose the initial state |ψ〉
as a product state of electric field eigenstates in accor-
dance with the Gauß sectors Ĝn± |ψ〉 = ∓Q/e |ψ〉 and

Ĝn |ψ〉 = 0 elsewhere.
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Figure 3. Ground state energy 〈ĤQED〉 in presence of two
external opposite charges at separation D. The linear con-
fining potential dominates at large D. The inset shows the
ground state energy on a logarithmic scale, as well as the
leading finite n̄ corrections for n̄ = 10 (red dashed-dotted)
and n̄ = 100 (red dotted). The dashed gray line is the an-
alytic asymptotic result from Ref. [29], with string tension
σ = (π2 − 4)µ2/(2π3) [32].

The two species are slowly brought into spatial contact
to adiabatically decrease the coupling g2, where |ψ〉 stays
close to the instantaneous ground state under the Gauß
constraint. This adiabatic sweep, see e.g. Ref. [14], is
possible in two-dimensional compact QED which does
not exhibit a confinement-deconfinement transition as a
function of the coupling [29, 31]. Since its spectrum is
gapped for any value of g2, the adiabaticity condition
can in principle be upheld deep into the weak coupling
region. However, in order to reach weak couplings, long
coherence times are required. Throughout this protocol,
the flux tube can be observed as shown in Fig. 2 via the
local expectation values 〈Ên,x〉 = 〈n̂n,x〉−n̄. The number
expectation value 〈n̂n,x〉 therein is obtained as the total
atom number in the corresponding underlying spin states
|0〉n−ŷ,B and |1〉n,B .

Conclusions and outlook. In summary, we have pro-
posed a scalable and highly tunable scheme to quan-
tum simulate a two-dimensional gauge theory, including
magnetic fields, with the help of spin-changing collisions
in an atomic mixture. Our implementation scheme can
be applied to general non-equilibrium situations, for in-
stance to study thermalization dynamics in an isolated,
interacting gauge theory as a model capturing certain
aspects of strongly correlated gauge fields in heavy ion
collisions [35]. Including fermions would give rise to ex-
perimental studies of the string breaking mechanism [36],
as well as quantum anomalies out of equilibrium [37, 38]
or Schwinger pair production beyond one spatial dimen-
sion [39]. Such far-from-equilibrium phenomena typically
include high occupations of the gauge fields and are ex-
pected to require large n̄ [26].

We illustrated the physics of confinement in a quantum
simulator and outlined an experimental procedure to ob-
serve an electric flux tube throughout a broad range of
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coupling values. In principle, the experimental procedure
could directly be applied to the setup of Ref. [1], which in
view of our results can also be interpreted as a building
block of a two-dimensional U(1) gauge theory. Already
for a single plaquette it is possible to observe a precursor
of confinement via non-perturbative corrections to the
classical electric field values [14, 29]. Since this requires
high control over local atom numbers, it might be bene-
ficial to experimentally consider the case of fewer atoms
per link first, which may already provide reliable results
for large couplings g2 [14, 23, 24, 33]. An extension of
this work to three dimensions would allow one to study
the transition from a deconfined phase at small coupling
to confinement at large values [29, 31].
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