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A scalable realization of local U(1) gauge invariance

in cold atomic mixtures
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In the fundamental laws of physics, gauge fields mediate the interaction between charged particles.
An example is the quantum theory of electrons interacting with the electromagnetic field, based
on U(1) gauge symmetry. Solving such gauge theories is in general a hard problem for classical
computational techniques. Although quantum computers suggest a way forward, large-scale digital
quantum devices for complex simulations are difficult to build. We propose a scalable analog
quantum simulator of a U(1) gauge theory in one spatial dimension. Using interspecies spin-changing
collisions in an atomic mixture, we achieve gauge-invariant interactions between matter and

gauge fields with spin- and species-independent trapping potentials. We experimentally realize

the elementary building block as a key step toward a platform for quantum simulations of

continuous gauge theories.

auge symmetries are a cornerstone of

our fundamental description of quan-

tum physics as encoded in the standard

model of particle physics. The presence

of a gauge symmetry implies a concerted
dynamics of matter and gauge fields that is
subject to local symmetry constraints at each
point in space and time (I). To uncover the
complex dynamical properties of such highly
constrained quantum many-body systems, enor-
mous computational resources are required.
This difficulty is stimulating great efforts to
quantum simulate these systems, i.e., to solve
their dynamics using highly controlled exper-
imental setups with synthetic quantum systems
(2-4). First experimental breakthroughs have
used quantum-computer algorithms that imple-
ment gauge invariance exactly, but which are
either limited to one spatial dimension (5, 6),
restrict the dynamics of the gauge fields (7, 8),
or require classical preprocessing resources
that scale exponentially with system size (9).
Recently, the dynamics of a discrete Z, gauge
theory in a minimal model has been realized
based on Floquet engineering (10-12). Despite
these advances, the faithful realization of large-
scale quantum simulators describing the con-
tinuum behavior of gauge theories remains
highly challenging.

Our aim is the development of a scalable
and highly tunable platform for a continuous
U(1) gauge theory, such as realized in quantum
electrodynamics. In the past years, ultracold
atoms have become a well-established system
for mimicking condensed-matter models with
static electric and magnetic fields (13) and
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even dynamical background fields for moving
particles (14-16). These systems possess global
U(1) symmetries related to the conservation
of total magnetization and atom number (17).
However, a gauge theory is based on a local

symmetry, which we enforce here through spin-
changing collisions in atomic mixtures. This
promising mechanism to protect gauge invar-
iance has been put forward in various proposals
(18-21) but not yet demonstrated experimen-
tally. We demonstrate the engineering of an
elementary building block in a mixture of bo-
sonic atoms, demonstrate its high tunability,
and verify its faithful representation of the de-
sired model.

‘We further propose an extended implemen-
tation scheme in an optical lattice, where each
lattice well constitutes an elementary building
block that contains both matter and gauge
fields. Repetitions of this elementary unit can
be connected using Raman-assisted tunneling
(22). Gauge and matter fields are spatially ar-
ranged in such a way that the spin-changing
collisions occur within single-lattice wells, in
contrast to previous proposals (18-21) where
the gauge and matter fields were spatially
separated and spin-changing collisions had to
be accompanied by hopping across different
sites of the optical lattice.

We specify our proposal for a one-dimensional
gauge theory on a spatial lattice, as visualized
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Fig. 1. Engineering a gauge theory. (A) Structure of a lattice gauge theory. Matter fields reside on sites
and gauge fields on the links in between. (B) Proposed implementation of the extended system. Individual
building blocks consist of long spins (representing gauge fields) and matter states, which are confined within
the same well and whose interaction constitutes a local U(1) symmetry. An array of building blocks in

an optical lattice is connected via Raman-assisted tunneling. (C) Experimental realization of the elementary
building block with bosonic gauge (sodium) and matter (lithium) fields. The gauge-invariant interaction is

realized by heteronuclear spin-changing collisions.
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Fig. 2. Tunability of the initial conditions. The
normalized spin z-component L, /L of Na atoms
as a function of the preparation pulse length, which
shows that the gauge field can be tuned experi-
mentally over the entire possible range. Simulta-
neously, the particle number N, /N of “Liis

kept in the vacuum state. The inset shows a
sketch of the experimental protocol used for tuning
the initial conditions.

in Fig. 1A. Charged matter fields reside on the
lattice sites n, with gauge fields on the links
in between the sites (23). We consider two-
component matter fields labeled “p” and “v”,
which are described by the operators (I}n‘p, l}n‘v).
To realize the gauge fields with the atomic
system, we use the quantum link formula-
tion (24-26), where the gauge fields are re-
placed by quantum mechanical spins L,, =
(I: s I:WL, iz‘n), labeling link operators by the
index of the site to the left. In this formulation,
the spin z-component I:nﬁz can be identified
with a discrete “electric” field. We recover the
continuous gauge fields of the original quan-
tum field theory in a controlled way by work-
ing in the limit of long spins (20).

Physically, this system of charged matter
and gauge fields can be realized in a mixture of
two atomic Bose-Einstein condensates (BECs)
with two internal components each (in our ex-
periment, we use "Li and **Na). An extended
system can be obtained by use of an optical
lattice. In our scheme, we abandon the one-to-
one correspondence between the sites of the
simulated lattice gauge theory and the sites of
the optical-lattice simulator. This correspon-
dence characterized previous proposals and
necessitated physically placing the gauge fields
in-between matter sites (18-2I). Instead, as il-
lustrated in Fig. 1B, here one site of the physical
lattice hosts two matter components, each taken
from one adjacent site (ZA),HLp and 13,“,), as well
as the link (L,,).

The enhanced physical overlap in this config-
uration decisively improved time scales of the
spin-changing collisions, which until now were
a major limiting factor for experimental im-
plementations. Moreover, a single well of the
optical lattice already contains the essential
processes between matter and gauge fields
and thus represents an elementary building
block of the lattice gauge theory. These build-
ing blocks can be coupled by Raman-assisted
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tunneling of the matter fields [see supplemen-
tary materials (SM)].

The Hamiltonian H = 3" [F, +hQ(bnpbny+
bnybnp)] of the extended system can thus
be decomposed into the elementary building-
block Hamiltonian » and the Raman-assisted
tunneling (with Raman frequency ~C2). Here,
H » reads (writing 13p = ZA),HLD, 13V = IA),L.V, and
L=L)

A 2 A ots
Hn/h = XLz + 5 (bpbp - bva)+
PR PN
k(pr_bv +b,L.by) (1)

where L, =L, +1iL, and L =L, —iL,.
The first term on the right-hand side of Eq. 1,
which is proportional to the parameter y, de-
scribes the energy of the gauge field, and the
second term, ~A, sets the energy difference
between the two matter components. The last
term, ~A, describes the U(1) invariant coupling
between matter and gauge fields, which is
essential to retain the local U(1) gauge sym-
metry of the Hamiltonian H (see SM for more
details).

We implemented the elementary building
block Hamiltonian A » With a mixture of
2L~ 300 x 10% sodium and N ~ 50 x 10 lithium
atoms as sketched in Fig. 1C (see SM for de-
tails). Both species were Kept in an optical dipole
trap such that the external trapping potential
is spin insensitive for both species. An external
magnetic bias field of B = 2G suppressed any
spin change energetically, such that only the
two Zeeman levels,my = Oand 1, of the F =1
hyperfine ground state manifolds were popu-
lated during the experiment. The *’Na states are
labeled as|1) = |mp = 0)and |]) = |mp = 1),
on which the spin operator L associated to
the gauge field acts. The first term of Eq. 1 is
then identified with the one-axis twisting
Hamiltonian (27, 28). We label the “Li states
as “particle” |p) = |mp = 0) and “vacuum”
[v) = |mp = 1), in accordance with the matter
field operators Bp and IBV. With this identi-
fication, the second term arises from energy
shifts due to the external magnetic field and
density interactions. Finally, the term ~A is

A JDEFOEEEDEE
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physically implemented by heteronuclear spin-
changing interactions (29).

The resulting setup is highly tunable, as we
demonstrated experimentally on the building
block. We achieved tunability of the gauge field
through a two-pulse Rabi coupling of the Na
atoms between ||) and |1) using an inter-
mediate |[F = 2) state, which yields a desired
valueof L, /L = (N; — N,)/(N; + N, ) (Fig. 2).
At the same time, we kept the “Li atoms in
|v), corresponding to the initial vacuum of
the matter sector at A— =, with <1% detected
in |p) (Fig. 2).

When the gauge-invariant coupling was
turned off by removing the Na atoms from
the trap, we observed no dynamics in the
matter sector beyond the detection noise. By
contrast, once the gauge field was present,
the matter sector clearly underwent a trans-
fer from |v) to |p) for proper initial conditions,
asillustrated in Fig. 3A for an initialization to
L,/L = —0.188 at a magnetic field of By =
2.118(2)G (30). This observation demonstrated
the controlled operation of heteronuclear spin-
changing collisions implementing the gauge-
invariant dynamics in the experiment.

To quantify our observations, we extracted
the ratio N, /N, with N = N, + Ny, as a func-
tion of time as presented in Fig. 3B. We ob-
served nonzero N,/N, describing “particle
production,” on a time scale of a few tens of
milliseconds, with up to 6% of the total N being
transferred to |p). This value is consistent with
our expectations from conservation of the ini-
tial energy Eo/h = yL2 — AN, /2, from which
we estimated a maximum amplitude on the
order of a few percent. Owing to the much larger
2Na condensate, the expected corresponding
change in L, /L is ~2%, which is currently not
detectable with our imaging routine (see SM
for details). Coherent oscillations in NV, /N were
seen to persist for about 100ms.

We display N, /N over the entire range of
initial L, in Fig. 4, keeping a fixed time of 30ms.
The upper panel (A) corresponds to the same
experimental setting as in Fig. 3. A clear reso-
nance for particle production can be seen
around L. /L~ —0.5, approximately captured
by the resonance condition 2yL. ~ A (see SM

Fig. 3. Dynamics of particle production. (A) The
number density distribution in state |p) as a function
of time for L,/L = —0.188. (B) The corresponding
particle number Ny /N. The blue circles give the
experimental values with bars indicating the statisti-
cal error on the mean. The red curve is the
theoretical mean-field prediction of Hamiltonian

(Eq. 1) with parameters determined from a fit of
the data in Fig. 4A and phenomenological damping.
The shaded area indicates the experimental noise
floor. The dashed line marks the time of 30 ms as it
is used for the experimental sequence generating the
data in Fig. 4.
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Fig. 4. Resonant particle production. (A to D) The
number of produced particles as a function of
initially prepared L,/L after 30 ms for different-
bias magnetic fields. Blue circles are experimental
values with bars indicating the statistical error on
the mean. The red curve in (A) arises from the
theoretical model using the best estimate values
of X, A, Ag, and A,. The remaining curves in (B) to
(D) are computed using the same parameters,
including Ag. The shaded area indicates confidence
intervals of the fit from bootstrap resampling.

The dashed line in (A) indicates the L, /L value
corresponding to the time evolution shown in Fig. 3.

for details). The asymmetry of the resonance
is a clear manifestation of the nonlinearity of
the dynamics. As we reduced the magnetic
field B, presented in Fig. 4, B to D, we observed
a shift of the resonant particle production
together with a reduction in amplitude, which
continued to be qualitatively captured by the
resonance condition 2xL,~A. The maximal
amplitude of the particle production was nec-
essarily reduced by the conservation of total
magnetization as the resonant peak was
pushed closer to L,/L = —1. For fields that
were smaller than B, ~ 1.96G, the matter
and gauge field dynamics became too off-
resonant, and particle production was not
observed any longer.

‘We compare the experimental results to the
mean-field predictions of Hamiltonian (Eq. 1)
for chosen x, A, and A(L,, B) = Ao + AL, /L+
Ap(B — B4)/B4 (see SM for the origin of the
dependence on the magnetic field B and the
initial spin L,). A first-principle calculation of
these model parameters, using only the ex-
perimental input of our setup, yielded ¥ /2r =
14.92mHz, A" /21 = 42.3uHz, AT /21 ~ — 77Hz,
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AP /21 ~ 4.474KHz, and AP /2n ~ — 1.669kHz.
These values were obtained by neglecting any
residual spatial dynamics (371) of the atomic
clouds within the trapping potential, which
renormalized the model parameters. Moreover,
the mean-field approximation was not able to
capture the decoherence observed in Fig. 3 at later
times. However, the features of the resonance
data in Fig. 4 were more robust against the de-
coherence as it probed the initial rise of particle
production.

We included the decoherence into the model
phenomenologically by implementing a damping
term characterized by y/2n = 3.54(94) Hz,
which was determined by an exponential en-
velope fit to the data of Fig. 3B. Physically, the
damping had several origins: quantum fluctu-
ations; fluctuations of initial state preparation,
as well as values of parameters; atom loss; and
the spatial dynamics of the two species within
the building block. In particular, the first two
did not compromise gauge invariance. The last
two sources of dissipation can in general be
controlled by reducing the particle density
and by implementing a deep optical lattice that
freezes out the spatial dynamics within in-
dividual wells. Fixing vy, the best agreement
(solid red line) with the data in Fig. 4A was
obtained for y/2rn = 8.802(8) mHz, /2% =
16.4(6)uHz, Ay /21 = —4.8(16)Hz, and A, /21 =
2.681(1)kHz. The prediction with these model
parameters showed excellent agreement with
the data in Fig. 3B (red line) for all times ob-
served. Notably, our established model also
described the data in Fig. 4, B to D, by in-
cluding Ag/2n = —519.3(3)Hz (see SM). Com-
pared to the ab initio estimates, all fitted values
had the expected sign and lie in the same order
of magnitude.

Our results demonstrated the controlled
operation of an elementary building block of
a U(1) gauge theory and thus open the door
for large-scale implementations of lattice gauge
theories in atomic mixtures. The potential
for scalability is an important ingredient for
realistic applications to gauge field theory
problems. Digital quantum simulations of
gauge theories on universal quantum com-
puters (5, 9) are challenging to scale up. This
difficulty makes analog quantum simulators,
as treated here, highly attractive, because they
can be scaled up and still maintain excellent
quantum coherence (6-8, 32-34). Proceeding
to the extended system requires optical lattices
and Raman-assisted tunneling [see SM and
(22)]. The resulting extended gauge theory will
enable the observation of relevant phenome-
na, such as plasma oscillations or resonant
particle production in strong-field quantum
electrodynamics (35). Along the path to the
relativistic gauge theories realized in nature,
we will replace bosonic “Li with fermionic °Li,
which will allow for the recovery of Lorentz
invariance in the continuum limit (see SM).
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Gauge invariance with cold atoms

There is considerable interest in developing quantum computational technologies that can simulate a series of
physical phenomena inaccessible by classical computers. Mil et al. propose a modular scheme for quantum simulation
of a U(1) lattice gauge theory based on heteronuclear spin-changing collisions in a mixture of two bosonic quantum
gases isolated in single wells of a one-dimensional optical lattice. They engineered the elementary building block for a
single well and demonstrate its reliable operation that preserves the gauge invariance. The potential for scalability of the
proposed scheme opens up opportunities to address challenges in quantum simulating the continuum limit of the gauge
theories.
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