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Treating the infinite-dimensional Hilbert space of non-Abelian gauge theories is an outstanding
challenge for classical and quantum simulations. Here, we employ g-deformed Kogut-Susskind lattice
gauge theories, obtained by deforming the defining symmetry algebra to a quantum group. In contrast to
other formulations, this approach simultaneously provides a controlled regularization of the infinite-
dimensional local Hilbert space while preserving essential symmetry-related properties. This enables the
development of both quantum as well as quantum-inspired classical spin-network algorithms for
g-deformed gauge theories. To be explicit, we focus on SU(2), gauge theories with k€N that are
controlled by the deformation parameter g = ¢2*/(*+2)_a root of unity, and converge to the standard SU(2)
Kogut-Susskind model as k — oo. In particular, we demonstrate that this formulation is well suited for
efficient tensor network representations by variational ground-state simulations in 2D, providing first
evidence that the continuum limit can be reached with k = O(10). Finally, we develop a scalable quantum
algorithm for Trotterized real-time evolution by analytically diagonalizing the SU(2), plaquette
interactions. Our work gives a new perspective for the application of tensor network methods to high-
energy physics and paves the way for quantum simulations of non-Abelian gauge theories far from

equilibrium where no other methods are currently available.
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Introduction.—Lattice gauge theories (LGTs) constitute
the foundation of our fundamental understanding of nature,
as formulated in the standard model of particle physics [1]
and the spin foam approach to quantum gravity [2]. LGTs
also find applications for topologically ordered phases in
condensed matter physics [3] and quantum information
processing [4]. The lattice formulation [5—7], discretizing
space-time while preserving the relevant symmetries of the
theory, allowed to put gauge theories on computers,
eventually leading to remarkable predictions in QCD [8].
These well-established methods are, however, hindered by
numerical sign problems [9] that arise, e.g., for real-time
dynamics or in the presence of fermionic matter.

In recent years, quantum-inspired classical methods,
such as tensor networks that target physically relevant
low-entangled states [10], have emerged as promising
alternatives to simulate LGTs without sign problems
[[1-13]. On the other hand, quantum computers and
simulators can more efficiently tackle highly entangled
regimes [14-18]; see Refs. [19-31] for experimental
realizations of LGTs. While the simulation of non-
Abelian LGTs is arguably one of the most promising
targets for a potential quantum advantage [32], treating the
infinite-dimensional Hilbert space of non-Abelian theories
remains an outstanding theoretical challenge [17,33-44]
and previous approaches have suffered from fundamental
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drawbacks: in particular, (i) finite subgroup truncations
[35,36,45-50] ultimately lead to wuncontrolled errors
because any non-Abelian Lie group has a largest finite
subgroup; (ii) quantum link models [17,41,51-53] give up
unitarity of the plaquette operator, rendering known effi-
cient decompositions inapplicable; and (iii) hard cutoffs in
the “representation” basis [38,54—60] typically require
more sophisticated quantum algorithms as subroutines
leading to hardware requirements beyond the realm of
current “noisy intermediate-scale quantum” devices [61].
For a recent comparison of different Hamiltonian formu-
lations of LGTs, we refer to the literature [62-65].

In this Letter, we propose to overcome these problems by
employing another LGT formulation [3,43,66—68], which
is tailored for quantum algorithms but also serves as a
natural starting point for quantum-inspired classical meth-
ods. In addition to the spatial lattice regularization under-
lying the Kogut-Susskind (KS) formulation [69], we
regularize the infinite-dimensional Hilbert space resulting
from non-Abelian Lie groups by replacing the correspond-
ing Lie algebra with a quantum group [70-73] with
deformation parameter g, a root of unity [74]. In a basis
of gauge-invariant spin network (SN) states, we thus define
a truncated model, which we call g-deformed Kogut-
Susskind (gKS) LGT, and argue that it preserves essential
symmetry-related properties, while the KS theory is
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recovered by tuning a single control parameter k € N. While
closely related ¢g-deformed gauge theories have been
studied in the past (see, e.g., [3,43,66—68] and references
therein), here we point out their relevance for both classical
and quantum simulations.

In particular, we study the case of SU(2), LGT in two
spatial dimensions in detail and first show the convergence
of the k — oo limit with exact results for a single plaquette.
We then illustrate the advantages of this formulation by
developing both classical and quantum spin-network algo-
rithms for g-deformed gauge theories (SNAQs). In the
classical case, we perform tensor network simulations based
on an infinite projected entangled pair states (iPEPS) [10]
ansatz, indicating quantitative agreement with continuum
results for k = O(10). Concerning quantum simulations, we
design a scalable digital quantum algorithm for real-time
evolution using an analytical Trotter decomposition,
enabled by an exact diagonalization of the plaquette operator
using local basis transformations on a SN register. Our
resource estimates for this algorithm demonstrate the poten-
tial of qudit quantum computers [75-79] for high-energy
physics [49,80-85].

Model and truncation.—To be specific, we consider
SU(2) LGT in two spatial dimensions, but the approach
applies to SU(N) LGTs in arbitrary dimensions. In prepa-
ration for the g-deformed theory, we start with the KS
Hamiltonian [69,86]
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where ¢ is the dimensionless bare coupling constant and a
denotes the spatial lattice spacing. Here, EZ is the electric
energy operator acting on every link £ of a 2D square
lattice, while U/ acts on four links forming an elementary
plaquette [see Fig. 1(a)]. In the Hamiltonian formulation,
gauge invariance is expressed by Gauss’ law operators G,
associated to every vertex + of the lattice, such that
[Hgs, G.] =0 V +, and the gauge-invariant Hilbert space
is spanned by all states |y) that fulfill Gauss’ law G, |y) =
0 (in the absence of static charges).

Before defining the ¢gKS theory in a gauge-invariant
basis formed by spin-network (SN) states, we recall this
construction for the standard KS model [86]. These states
are obtained by solving Gauss’ law in terms of spin singlets
at every four-vertex. To keep track of inequivalent singlets,
it is convenient to work on a tri-valent lattice obtained by
“point splitting” every four-vertex into two three-vertices as
indicated in Fig. 1(b), a construction that is also heavily
used in the loop-string-hadron (LSH) formulation [40,87].
The fundamental nonuniqueness of this procedure implies
the existence of local basis changes [see Fig. 1(d)], which
will become essential for SNAQs. A general SU(2) SN state
has the form |j) =®) |j,) with one SU(2) representa-

tion label j,€{0,4.1,...} assigned to every link of the
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FIG. 1. (a) In 2 + 1D Kogut-Susskind LGT [Eq. (1)] gauge
fields live on links of a spatial 2D square lattice, which contains
elementary plaquettes (blue) and four-vertices (red). (b) For the
gauge-invariant SN basis (see main text) every four-vertex is
split into two three-vertices, resulting in an additional link
(dashed). (c) The elementary plaquette operator on the point-
split lattice acts on elementary hexagons according to Eq. (2).
(d) A key feature preserved by the proposed ¢g-deformed
regularization are local unitary transformations (“F moves”)
that effect a basis transformation between inequivalent ways of
point splitting [see Eq. (6)].

resulting lattice. The rules of angular momentum addition
lead to an additional “triangle” constraint |j; — j,| < j3 <
J1 + j», together with j; + j, + j3 €N, which has to be
satisfied by all triples of spins (j;, j,, j3) that meet at a
vertex, which we indicate by the primed product. One can
show that the collection of all such SN states forms an
orthonormal basis of the gauge-invariant Hilbert space (see
Ref. [86] and Supplemental Material (SM) [88]).

We regularize the KS model by deforming the corre-
sponding Lie algebra. In the present example, we proceed
by replacing the data arising from the representation theory
of SU(2) with analogous expressions for the quantum group
SU(2), (see, e.g., [70] and the SM). Here, it is crucial to
work with deformation parameter g = ¢2%/(**2)_ a root of
unity that leads to a closed fusion ring with irreducible
representations of finite dimension [95,96]. This allows us to
define generalized SN states with j, €{0.5,1,..., (k/2)},
truncating the local Hilbert space dimension that physically
corresponds to a maximum electric flux j .. = (k/2) with
keN. Additionally, the triangle constraint for triples
(j1sJ2, J3) is replaced by the SU(2), fusion rule: j; + j, >
jzand j; + j, 4+ j3 < k. To remain close to the original KS
model, we define the electric energy operator Eé analo-
gously and only truncate it to admissible states. Thatis, EZ is
diagonal and acts only on the links # that are also present in
the original square lattice (additional links introduced by
point splitting do not carry electric energy), where E2|j,) =

E(e)lie) with £(j) = j(j +1).
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To complete the construction, recall that in the SN basis,
the plaquette operator acts nontrivially on the six inner
links of a plaquette, depending on the six outer links [see
Fig. 1(c)] [97]. The nonvanishing matrix elements are
conveniently expressed using F matrices (see SM for an
explicit formula via Wigner’s 6 symbols) as

/ J12J1J2 Frisdads gpisadza
<]|qu> Fl//Fl//Fl/r
2132 2473

JasJads poiselsie prietjel
X NS Fr6aT6 Friel 6T (2)
2J5)4 zfals 2/1/6

where a trivial action for links # not touching the plaquette
[ is implicit and the index “1/2” comes from the fact that
U changes the flux by j = % For the g-deformed theory,
we define the action of plaquette operators in the SU(2),
SN basis by Eq. (2) with F' matrices replaced by their
counterparts for SU(2), (see Ref. [70] and the SM).

The resulting theory, which we call the “g-deformed”
Kogut-Susskind model (H s), can be interpreted as a
perturbation of the stringnet models introduced in [3]. A
related g-deformed truncation of 3D SU(2) lattice Yang-
Mills theory was studied with tensor networks in [43].
While the present discussion builds on gauge-covariant
bases in the Hamiltonian formulation introduced in [86],
note that similar constructions were used for the LSH
formulation [40]. Gauge-invariant bases were also con-
structed for SU(2) quantum link models, enabling efficient
quantum Monte Carlo simulations through an equivalent
dual model [98] (see also [99] for a dual formulation of
SU(2) lattice Yang-Mills theory).

As we demonstrate in the rest of the Letter, the gKS
formulation is very promising for simulations with quan-
tum technologies. In particular, it is constructed to recover
the KS description of LGTs as k£ — oo in contrast to, e.g.,
finite subgroup truncations. In that sense, the gKS model is
closely related to a hard cutoff truncation with irreducible
representation j < (k/2) (see SM for a detailed compari-
son) and mainly differs in the matrix elements of plaquette
operators. This difference of the g-deformed theory pre-
serves the structure of local unitary transformations of the
SN basis in terms of so-called F moves [see Fig. 1(d)],
which enables a relatively simple decomposition of pla-
quette operators in contrast to, e.g., quantum link models.
This feature also enables the construction of efficient
quantum algorithms.

Exact results for a single plaquette—We next illustrate
the convergence of the proposed truncation. Consider a
single plaquette with open boundary conditions and fixed
zero electric flux at the boundaries as indicated by the SN
diagram in the inset of Fig. 2. Then the gauge-invariant
Hilbert space becomes (k + 1)-dimensional, spanned by
SN states |j) with a single label j. The Hamiltonian
(rescaling H s = (2a/g ?) x H s) reads
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FIG. 2. The probability distributions |(y|;)|* for ground state
(top left), first (top right), second (bottom left), and third (bottom
right) excited states for g> = 0.1 of a single plaquette converge to
the k — oo limit quickly once the cutoff j.. = (k/2) is large
enough to support the bulk of the wave function. The inset in the
top right panel illustrates the SN basis for a single plaquette with
open boundary conditions and zero incoming flux.

k/2 5 (k=)/2
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where the effect of working with the generalized SU(2),
theory is particularly transparent as it just imposes a cutoff
Jmax = (k/2) on the largest flux allowed on the plaquette.
The ¢gKS formulation thus reduces to a hard cutoff
truncation in this case.

In Fig. 2, we plot the probability distributions |(y|j)|> of
the ground state |y,) and the first three excited states
lyr1/2/3) for fixed coupling. These results, obtained by exact
diagonalization, are compared to analytical results in terms
of Mathieu functions of the limit k — oo (see SM). We
observe that the wave functions converge rapidly for
sufficiently large values of k, where the threshold is dictated
by the total energy and shifts to larger values for higher
excited states. Similarly, larger k will be needed to reach
small ¢* required for scaling toward the continuum limit.

Classical SNAQ for ground states.—The continuum
field theory limit is approached by increasing the lattice
size and sending g> — 0. In the following, we provide first
estimates of how to scale k to reach the continuum limit.

We make a variational ansatz |y) for the ground state of
an infinite system

k/2
=TI v )
O |j=0

generalizing the one used in Refs. [100,101]. Here, |0) is

the SN vacuum state, g) the plaquette operator that creates
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FIG. 3. The top left panel shows the critical coupling g2 as a
function of k, extracted from the nonanalytic behavior of () =
(WopUn[Wop) (lower left panel) in the optimized iPEPS [yqy).
Both the total energy (top right) and the electric energy (bottom
right) converge rapidly with increasing k, once the threshold k. is
surpassed. The dotted vertical and horizontal lines indicate the
relation between the values of k, and g2. We compare our iPEPS
results for (Un) with MC data taken from Table VI of
Ref. [106].

a j flux loop on the plaquette [, i.e., replacing 1/2 by j in
Eq. (2). The y; are variational parameters, normalized

s S = 1

There are several reasons for this ansatz (see SM for
details): first, it can exactly represent ground states in the
limits ¢> = 0 and ¢ — 0. Second, we can evaluate the
expectation value of H g analytically and find

J3(j3 + 1)d;
(WlH xslw) < > lw, |2|Wj2|2#5jljzjz

J1j2J3 Ji7)2
1
- EZW;‘ W, 0) s (5)
Jiha
Here, 6, ;,;, abbreviates the fusion constraint that (j, j,/3)

forms an admissible vertex and d; is the quantum dimen-
sion of j. We emphasize that even though the ansatz has a
“mean-field-like” character, it in general represents a highly
entangled state. Technically, it can be interpreted as an
iPEPS (see also [54,101-104]). We expect that general-
izations of this tensor network ansatz will be useful for
future investigations with classical high-performance com-
puting and with quantum hardware, or hybrid variational
approaches.

We find an approximation of the ground state as a
function of ¢> for several k by numerically minimizing the
average energy [Eq. (5)]. Our results are summarized in
Fig. 3. For large ¢, the system is in a confined phase as
expected for a strong electric field energy, which is also the

phase expected for the continuum theory [105]. For finite
values of k, however, we observe indications of a phase
transition for small g>. For k = 1, this phase is expected to
be topologically ordered, i.e., deconfined, with Z, (Toric
code) topological order [3] and we argue in the SM that for
general k the exact ¢> =0 ground state has SU(2),
topological order. Note that the undesired phases (from a
high-energy physics point of view) shrink toward g> — 0
as k — oo.

As illustrated in Fig. 3, we find fast convergence of local
observables with increasing k once the system is in the
anticipated “correct” phase. This motivates to consider
the location g2 = g2(k) of the transition as an estimate for
the value k. = k.(g*) when the model significantly deviates
from the desired continuum behavior. For a given coupling
g%, we expect to converge to the continuum limit rapidly for
k 2 k.(g?). Our findings are consistent with a simple power-
law behavior ¢ = [go/(k +ko)]? with gy~ 4.4 and
ko ~ 2.5, which agrees with the expectation that g2 — 0
as k — oo. This suggests that a moderately small coupling
like g> = 0.1 requires k = gy/g — ko ~ O(10), which lies
within reach of trapped-ion qudit computers [78] by encod-
ing a single link into a single qudit (see, e.g., [75] for a
general review of qudit quantum computing, [77-79] for
experimental realizations, and [49,80-85] for applications
of qudits in the context of high-energy physics).

In practice, it is sufficient to decrease g” until the scaling
regime is reached, where continuum physics can be reliably
extracted. For the 2 + 1D SU(2) KS model, we compare
our simulations to Euclidean Monte Carlo (MC) results for
the plaquette expectation value [106]. We obtain quantita-
tive agreement with the MC data in the regime k 2 15 and
0.1 < ¢> £0.5, indicating that our tensor network ansatz—
despite its simplicity—captures the essential degrees of
freedom correctly.

Quantum SNAQ for real-time evolution.—To illustrate
the usefulness of our proposal for quantum simulation, we
now present a quantum SNAQ that provides an exact
Trotter decomposition of the time-evolution operator of the
g-deformed theory. The algorithm is formulated on a SN
register, where we associate one degree of freedom |j,) to
every link # of the hexagonal graph obtained from point
splitting the original lattice. We refer to |j,) as a local qudit,
but decomposition into qubits is of course possible. Note
that this computational basis is overcomplete because it
contains states violating the fusion constraints. We keep
this redundancy because it simplifies gate parallelization
within SNAQ, making the approach scalable to large
system sizes. Furthermore, since the constraints imposed
by the fusion rules are diagonal in the computational basis,
configurations that do not correspond to valid SN states can
be identified easily.

The core elements of this SNAQ are local basis changes
(F moves), which allow diagonalizing the plaquette
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(a) Sequence of five F moves that partially diagonalizes the plaquette term for a hexagon-shaped SN. Dashed lines indicate

auxiliary links that arise from virtual point splitting of four-vertices on a 2D square lattice. Links affected by a single F move are
highlighted in red in the resulting SN diagram. For example, the first F move denoted as 6 — 6 involves the links jq;, ji, js, jss and
changes jg to jz. (b) Quantum circuit decomposition derived from the local unitary transformation illustrated in (a).

operator. On the SN register, an F move corresponds to a
multiply controlled unitary operator that changes the state
of one target qudit, depending on the state of four control
qudits [see Fig. 1(d)] as

Fljrjajsial) = lirjajsial’)s (6)

where F is defined by the matrix elements

(F%j) = Fﬁﬁj . This five-qudit operator F induces
N

other controlled unitaries with fewer controls. Explicitly,
we will need a four-qudit operator F’ defined through the

- /J1 _ il L S
matrix elements (F i j4) =F i identifying j; = j,.

JjJ

Finally, we introduce a controlled two-qudit operator G,
which diagonalizes the matrix (F});; = il whose
2 J

eigenvalues we denote by wﬁj).

We arrive at a key observation: there exists a sequence of
F moves, shown in Fig. 4(a), that partially diagonalizes the
plaquette operator on an elementary hexagon. Intuitively,
the properties of F matrices allow to shrink the loop down
to F- 1] 4] j',’ ' (see SM for details). To the best of our knowledge,

211

this property was first observed in [86] for the original KS
theory and later translated to quantum circuits for stringnet
models [107]. Our proposal to employ a g-deformed
regularization is tailored to preserve this property. As a
direct consequence, we obtain the controlled unitary
quantum circuit F shown in Fig. 4(b). The operator F
acts on inner qudits of a hexagon ji, ..., js and takes the
outer qudits ji,, ..., jg; as controls. This decomposition
enables an analytic control over the plaquette operator—
made possible by the unitarity of /' moves, a property that
is lost in other formulations—which we expect will be
beneficial in many quantum algorithms for LGTs. In the
SM we provide explicit decompositions of the involved
unitaries into controlled two-qudit gates, demonstrating a

simple and transparent implementation on a gudit quantum
computer [49,75-79].

An immediate application is a SNAQ using an analytical
Trotter decomposition of the evolution operator
U ks(7) = e"™s_ Explicitly, we write a Trotter step of
a single plaquette term as

2 ) -2 p\4)

= FQ@F, Q@)pjy) = ). (7)
where Q(7) denotes a two-qudit phase gate. For a 2D
square lattice this Trotter step can be applied in parallel on

half of all plaquettes, yielding an exact realization of the
magnetic part Ug(7) = T 2/ag) Y S Un [ etie@/asita,

The electric part Ug(7) = eI I2) Y B [], e "o /20)E2
can be parallelized in terms of single-qudit phase gates
eGP ROE ) — ¢mit(9*/20)ic(e1)|j,) on physical links.
U ,ks can then be approximated using Up and Uy as usual.

For example, we analyze the resources of a second-order
algorithm U s (7) = Up(7/2) x Up(7) x Ug(z/2) +O(%),
assuming that every link is encoded into a single qudit of
size k + 1. Including parallelizations, a single Trotter step
has a circuit depth determined by 2 electric phase gates
(E2), 2 magnetic phase gates (), 4 applications of G and
F',and 12 F gates. Quantifying the circuit complexity C by
the number of controlled two-qudit unitaries using the
decompositions shown in SM yields a polynomial scaling
of C<4+28(k+1)°+108(k+ 1)* ~O(k*). We note
that the choice of qudit gate set can affect the scaling,
leading to, e.g., O(k’) controlled-increment (CINC) gate
entangling gates (see SM). Using the properties of the F
matrices, we expect that the gate count can be drasti-
cally improved, and we leave further optimizations for
future work.

Outlook.—Our work sets the stage for several follow-up
investigations. First, an extension to general SU(N), in
particular N =3, LGTs is desirable. In this case, a
technical obstacle are multiplicities in the generalized
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Clebsch-Gordon series, which could be tackled using a
graphical calculus [108,109] adapted to the g-deformed
case. Second, as briefly outlined in the SM, it appears
straightforward to incorporate matter, fermionic or Higgs
fields, into our approach, which will add matter-specific
gates to SNAQ [82,110]. Third, the close similarities to the
spin-foam approach to quantum gravity [2,111] suggest to
explore related classical and quantum simulations of
gravity [112,113]. From a condensed matter perspective,
g-deformed KS LGTs deserve further study in their own
right as interesting topologically ordered phases [3] and
critical phenomena [114] can be expected, and we refer to
[107,115,116] for related methods to simulate anyons on a
quantum computer.

Classically, we expect that gauge-invariant tensor net-
works [12,54,101,111,117,118] will play a crucial role in
simulations of LGTs. For the theories studied in this work,
extensions of Eq. (4) to inhomogeneous or time-dependent
scenarios could be useful to study the dynamics of
(de)confined flux strings and string breaking. On the
quantum side, near-term hardware, especially based on
qudits [49,75-79,82,110], provides the means for imple-
menting our algorithm or variants, such as hybrid varia-
tional SNAQs, that are expected to be more robust against
experimental noise [119].

Note added.—After the completion of our work a closely
related article [120] appeared on arXiv where many-body
scars were studied numerically in non-Abelian stringnet
models using exact diagonalization, including the gKS
formulation discussed here. In a subsequent work by the
same authors [121], they also applied the ansatz of Eq. (4)
to a SU(3), ¢KS model.
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cussions concerning tensor network representations of
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from the Simons Foundation (651440, P.Z.) and the
European Union’s Horizon Europe research and innovation
program under Grant Agreement No. 101113690
(PASQuanS2.1).

*Corresponding author: torsten.zache @uibk.ac.at
[1] I. Montvay and G. Miinster, Quantum Fields on a Lattice
(Cambridge University Press, Cambridge, England, 1994).
[2] C. Rovelli and F. Vidotto, Covariant Loop Quantum
Gravity: An Elementary Introduction to Quantum Gravity
and Spinfoam Theory (Cambridge University Press,
Cambridge, England, 2015).

[3] M. A. Levin and X.-G. Wen, String-net condensation: A
physical mechanism for topological phases, Phys. Rev. B
71, 045110 (2005).

[4] A.Y. Kitaev, Fault-tolerant quantum computation by any-
ons, Ann. Phys. (Amsterdam) 303, 2 (2003).

[5] K. G. Wilson, Confinement of quarks, Phys. Rev. D 10,
2445 (1974).

[6] F.J. Wegner, Duality in generalized Ising models and
phase transitions without local order parameters, J. Math.
Phys. (N.Y.) 12, 2259 (1971).

[7] J. B. Kogut, An introduction to lattice gauge theory and
spin systems, Rev. Mod. Phys. 51, 659 (1979).

[8] C.T. Davies, E. Follana, A. Gray, G. Lepage, Q. Mason,
M. Nobes, J. Shigemitsu, H. Trottier, M. Wingate,
C. Aubin et al., High-precision lattice QCD confronts
experiment, Phys. Rev. Lett. 92, 022001 (2004).

[9] M. Troyer and U.-J. Wiese, Computational complexity and
fundamental limitations to fermionic quantum Monte Carlo
simulations, Phys. Rev. Lett. 94, 170201 (2005).

[10] J. 1. Cirac, D. Perez-Garcia, N. Schuch, and F. Verstraete,
Matrix product states and projected entangled pair states:
Concepts, symmetries, theorems, Rev. Mod. Phys. 93,
045003 (2021).

[11] M. C. Banuls and K. Cichy, Review on novel methods for
lattice gauge theories, Rep. Prog. Phys. 83, 024401 (2020).

[12] Y. Meurice, R. Sakai, and J. Unmuth-Yockey, Tensor
lattice field theory for renormalization and quantum
computing, Rev. Mod. Phys. 94, 025005 (2022).

[13] S. Montangero, E. Rico, and P. Silvi, Loop-free tensor
networks for high-energy physics, Phil. Trans. R. Soc. A
380, 20210065 (2022).

[14] M. C. Banuls, R. Blatt, J. Catani, A. Celi, J. 1. Cirac, M.
Dalmonte, L. Fallani, K. Jansen, M. Lewenstein, S.
Montangero et al., Simulating lattice gauge theories within
quantum technologies, Eur. Phys. J. D 74, 165 (2020).

[15] M. Aidelsburger, L. Barbiero, A. Bermudez, T. Chanda, A.
Dauphin, D. Gonzédlez-Cuadra, P.R. Grzybowski, S.
Hands, F. Jendrzejewski, J. Jiinemann et al., Cold atoms
meet lattice gauge theory, Phil. Trans. R. Soc. A 380,
20210064 (2022).

[16] E. Zohar, Quantum simulation of lattice gauge theories in
more than one space dimension-requirements, challenges
and methods, Phil. Trans. R. Soc. A 380, 20210069 (2022).

[17] U.-J. Wiese, From quantum link models to d-theory: A
resource efficient framework for the quantum simulation
and computation of gauge theories, Phil. Trans. R. Soc. A
380, 20210068 (2022).

[18] N. Klco, E. F. Dumitrescu, A.J. McCaskey, T. D. Morris,
R. C. Pooser, M. Sanz, E. Solano, P. Lougovski, and M. J.
Savage, Quantum-classical computation of Schwinger
model dynamics using quantum computers, Phys. Rev.
A 98, 032331 (2018).

[19] E. A. Martinez, C. A. Muschik, P. Schindler, D. Nigg, A.
Erhard, M. Heyl, P. Hauke, M. Dalmonte, T. Monz, P.
Zoller et al., Real-time dynamics of lattice gauge theories
with a few-qubit quantum computer, Nature (London) 534,
516 (2016).

[20] C. Schweizer, F. Grusdt, M. Berngruber, L. Barbiero, E.
Demler, N. Goldman, I. Bloch, and M. Aidelsburger,
Floquet approach to Z2 lattice gauge theories with

171902-6


https://doi.org/10.1103/PhysRevB.71.045110
https://doi.org/10.1103/PhysRevB.71.045110
https://doi.org/10.1016/S0003-4916(02)00018-0
https://doi.org/10.1103/PhysRevD.10.2445
https://doi.org/10.1103/PhysRevD.10.2445
https://doi.org/10.1063/1.1665530
https://doi.org/10.1063/1.1665530
https://doi.org/10.1103/RevModPhys.51.659
https://doi.org/10.1103/PhysRevLett.92.022001
https://doi.org/10.1103/PhysRevLett.94.170201
https://doi.org/10.1103/RevModPhys.93.045003
https://doi.org/10.1103/RevModPhys.93.045003
https://doi.org/10.1088/1361-6633/ab6311
https://doi.org/10.1103/RevModPhys.94.025005
https://doi.org/10.1098/rsta.2021.0065
https://doi.org/10.1098/rsta.2021.0065
https://doi.org/10.1140/epjd/e2020-100571-8
https://doi.org/10.1098/rsta.2021.0064
https://doi.org/10.1098/rsta.2021.0064
https://doi.org/10.1098/rsta.2021.0069
https://doi.org/10.1098/rsta.2021.0068
https://doi.org/10.1098/rsta.2021.0068
https://doi.org/10.1103/PhysRevA.98.032331
https://doi.org/10.1103/PhysRevA.98.032331
https://doi.org/10.1038/nature18318
https://doi.org/10.1038/nature18318

PHYSICAL REVIEW LETTERS 131, 171902 (2023)

ultracold atoms in optical lattices, Nat. Phys. 15, 1168
(2019).

[21] C. Kokail, C. Maier, R. van Bijnen, T. Brydges, M. K.
Joshi, P. Jurcevic, C. A. Muschik, P. Silvi, R. Blatt, C. F.
Roos et al., Self-verifying variational quantum simulation
of lattice models, Nature (London) 569, 355 (2019).

[22] A. Mil, T. V. Zache, A. Hegde, A. Xia, R. P. Bhatt, M. K.
Oberthaler, P. Hauke, J. Berges, and F. Jendrzejewski, A
scalable realization of local U(1) gauge invariance in cold
atomic mixtures, Science 367, 1128 (2020).

[23] B. Yang, H. Sun, R. Ott, H.-Y. Wang, T. V. Zache, J.C.
Halimeh, Z.-S. Yuan, P. Hauke, and J.-W. Pan, Observation
of gauge invariance in a 71-site Bose—Hubbard quantum
simulator, Nature (London) 587, 392 (2020).

[24] N. Klco, M.J. Savage, and J.R. Stryker, SU(2) non-
Abelian gauge field theory in one dimension on digital
quantum computers, Phys. Rev. D 101, 074512 (2020).

[25] Z.-Y. Zhou, G.-X. Su, J. C. Halimeh, R. Ott, H. Sun, P.
Hauke, B. Yang, Z.-S. Yuan, J. Berges, and J.-W. Pan,
Thermalization dynamics of a gauge theory on a quantum
simulator, Science 377, 311 (2022).

[26] N.H. Nguyen, M. C. Tran, Y. Zhu, A. M. Green, C. H.
Alderete, Z. Davoudi, and N. M. Linke, Digital quantum
simulation of the Schwinger model and symmetry pro-
tection with trapped ions, PRX Quantum 3, 020324
(2022).

[27] J. Mildenberger, W. Mruczkiewicz, J.C. Halimeh, Z.
Jiang, and P. Hauke, Probing confinement in a Z, lattice
gauge theory on a quantum computer, arXiv:2203.08905.

[28] A. Frolian, C.S. Chisholm, E. Neri, C.R. Cabrera, R.
Ramos, A. Celi, and L. Tarruell, Realizing a 1D topologi-
cal gauge theory in an optically dressed BEC, Nature
(London) 608, 293 (2022).

[29] Y. Y. Atas, J. Zhang, R. Lewis, A. Jahanpour, J. F. Haase,
and C. A. Muschik, SU(2) hadrons on a quantum computer
via a variational approach, Nat. Commun. 12, 6499 (2021).

[30] Y. Y. Atas, J.F. Haase, J. Zhang, V. Wei, S.M.-L.
Pfaendler, R. Lewis, and C. A. Muschik, Real-time evo-
lution of SU(3) hadrons on a quantum computer, Phys.
Rev. Res. 5, 033184 (2023).

[31] R.C. Farrell, I. A. Chernyshev, S.J. M. Powell, N.A.
Zemlevskiy, M. Illa, and M.J. Savage, Preparations for
quantum simulations of quantum chromodynamics in
1 +1 dimensions. I. Axial gauge, Phys. Rev. D 107,
054512 (2023).

[32] A.J. Daley, 1. Bloch, C. Kokail, S. Flannigan, N. Pearson,
M. Troyer, and P. Zoller, Practical quantum advantage in
quantum simulation, Nature (London) 607, 667 (2022).

[33] T. Byrnes and Y. Yamamoto, Simulating lattice gauge
theories on a quantum computer, Phys. Rev. A 73, 022328
(20006).

[34] E. Zohar and M. Burrello, Formulation of lattice gauge
theories for quantum simulations, Phys. Rev. D 91, 054506
(2015).

[35] E. Zohar, A. Farace, B. Reznik, and J.I. Cirac, Digital
lattice gauge theories, Phys. Rev. A 95, 023604 (2017).

[36] H. Lamm, S. Lawrence, Y. Yamauchi, N. Collaboration
et al., General methods for digital quantum simulation of
gauge theories, Phys. Rev. D 100, 034518 (2019).

[37] Y. Liu, Y. Meurice, M. P. Qin, J. Unmuth-Yockey, T.
Xiang, Z. Xie, J.F. Yu, and H. Zou, Exact blocking
formulas for spin and gauge models, Phys. Rev. D 88,
056005 (2013).

[38] A. Ciavarella, N. Klco, and M. J. Savage, Trailhead for
quantum simulation of SU(3) Yang-Mills lattice gauge
theory in the local multiplet basis, Phys. Rev. D 103,
094501 (2021).

[39] M. Mathur, Harmonic oscillator pre-potentials in SU(2)
lattice gauge theory, J. Phys. A 38, 10015 (2005).

[40] I. Raychowdhury and J.R. Stryker, Loop, string, and
hadron dynamics in SU(2) Hamiltonian lattice gauge
theories, Phys. Rev. D 101, 114502 (2020).

[41] H. Liu and S. Chandrasekharan, Qubit regularization and
qubit embedding algebras, Symmetry 14, 305 (2022).

[42] M. Kreshchuk, W.M. Kirby, G. Goldstein, H.
Beauchemin, and P.J. Love, Quantum simulation of
quantum field theory in the light-front formulation, Phys.
Rev. A 105, 032418 (2022).

[43] W.J. Cunningham, B. Dittrich, and S. Steinhaus, Tensor
network renormalization with fusion charges—applications
to 3d lattice gauge theory, Universe 6, 97 (2020).

[44] T. Jakobs, M. Garofalo, T. Hartung, K. Jansen, J.
Ostmeyer, D. Rolfes, S. Romiti, and C. Urbach, Canonical
momenta in digitized SU(2) lattice gauge theory:
Definition and free theory, Eur. Phys. J. C 83, 669
(2023).

[45] T. Hartung, T. Jakobs, K. Jansen, J. Ostmeyer, and C.
Urbach, Digitising SU(2) gauge fields and the freezing
transition, Eur. Phys. J. C 82, 237 (2022).

[46] M. Fromm, O. Philipsen, and C. Winterowd, Dihedral
lattice gauge theories on a quantum annealer, Eur. Phys. J.
Quantum Technol. 10, 31 (2023).

[47] M. S. Alam, S. Hadfield, H. Lamm, A.C.Y. Li (SQMS
Collaboration), Primitive quantum gates for dihedral gauge
theories, Phys. Rev. D 105, 114501 (2022).

[48] E.J. Gustafson, H. Lamm, F. Lovelace, and D. Musk,
Primitive quantum gates for an SU(2) discrete subgroup:
Binary tetrahedral, Phys. Rev. D 106, 114501 (2022).

[49] D. Gonzalez-Cuadra, T. V. Zache, J. Carrasco, B. Kraus,
and P. Zoller, Hardware efficient quantum simulation of
non-Abelian gauge theories with qudits on Rydberg plat-
forms, Phys. Rev. Lett. 129, 160501 (2022).

[50] A.Mariani, S. Pradhan, and E. Ercolessi, Hamiltonians and
gauge-invariant hilbert space for lattice Yang-Mills-like
theories with finite gauge group, Phys. Rev. D 107, 114513
(2023).

[51] J. C. Halimeh, H. Lang, and P. Hauke, Gauge protection in
non-Abelian lattice gauge theories, New J. Phys. 24,
033015 (2022).

[52] J. C. Halimeh, L. Homeier, A. Bohrdt, and F. Grusdt, Spin
exchange-enabled quantum simulator for large-scale non-
Abelian gauge theories, arXiv:2305.06373.

[53] E. M. Murairi, M. J. Cervia, H. Kumar, P. F. Bedaque, and
A. Alexandru, How many quantum gates do gauge theories
require?, Phys. Rev. D 106, 094504 (2022).

[54] L. Tagliacozzo, A. Celi, and M. Lewenstein, Tensor
networks for lattice gauge theories with continuous groups,
Phys. Rev. X 4, 041024 (2014).

171902-7


https://doi.org/10.1038/s41567-019-0649-7
https://doi.org/10.1038/s41567-019-0649-7
https://doi.org/10.1038/s41586-019-1177-4
https://doi.org/10.1126/science.aaz5312
https://doi.org/10.1038/s41586-020-2910-8
https://doi.org/10.1103/PhysRevD.101.074512
https://doi.org/10.1126/science.abl6277
https://doi.org/10.1103/PRXQuantum.3.020324
https://doi.org/10.1103/PRXQuantum.3.020324
https://arXiv.org/abs/2203.08905
https://doi.org/10.1038/s41586-022-04943-3
https://doi.org/10.1038/s41586-022-04943-3
https://doi.org/10.1038/s41467-021-26825-4
https://doi.org/10.1103/PhysRevResearch.5.033184
https://doi.org/10.1103/PhysRevResearch.5.033184
https://doi.org/10.1103/PhysRevD.107.054512
https://doi.org/10.1103/PhysRevD.107.054512
https://doi.org/10.1038/s41586-022-04940-6
https://doi.org/10.1103/PhysRevA.73.022328
https://doi.org/10.1103/PhysRevA.73.022328
https://doi.org/10.1103/PhysRevD.91.054506
https://doi.org/10.1103/PhysRevD.91.054506
https://doi.org/10.1103/PhysRevA.95.023604
https://doi.org/10.1103/PhysRevD.100.034518
https://doi.org/10.1103/PhysRevD.88.056005
https://doi.org/10.1103/PhysRevD.88.056005
https://doi.org/10.1103/PhysRevD.103.094501
https://doi.org/10.1103/PhysRevD.103.094501
https://doi.org/10.1088/0305-4470/38/46/008
https://doi.org/10.1103/PhysRevD.101.114502
https://doi.org/10.3390/sym14020305
https://doi.org/10.1103/PhysRevA.105.032418
https://doi.org/10.1103/PhysRevA.105.032418
https://doi.org/10.3390/universe6070097
https://doi.org/10.1140/epjc/s10052-023-11829-9
https://doi.org/10.1140/epjc/s10052-023-11829-9
https://doi.org/10.1140/epjc/s10052-022-10192-5
https://doi.org/10.1140/epjqt/s40507-023-00188-9
https://doi.org/10.1140/epjqt/s40507-023-00188-9
https://doi.org/10.1103/PhysRevD.105.114501
https://doi.org/10.1103/PhysRevD.106.114501
https://doi.org/10.1103/PhysRevLett.129.160501
https://doi.org/10.1103/PhysRevD.107.114513
https://doi.org/10.1103/PhysRevD.107.114513
https://doi.org/10.1088/1367-2630/ac5564
https://doi.org/10.1088/1367-2630/ac5564
https://arXiv.org/abs/2305.06373
https://doi.org/10.1103/PhysRevD.106.094504
https://doi.org/10.1103/PhysRevX.4.041024

PHYSICAL REVIEW LETTERS 131, 171902 (2023)

[55] A.Kan and Y. Nam, Lattice quantum chromodynamics and
electrodynamics on a universal quantum computer, arXiv:
2107.12769.

[56] Y. Tong, V. V. Albert, J. R. McClean, J. Preskill, and Y. Su,
Provably accurate simulation of gauge theories and bo-
sonic systems, Quantum 6, 8§16 (2022).

[57] Z. Davoudi, A.F. Shaw, and J. R. Stryker, General quan-
tum algorithms for Hamiltonian simulation with applica-
tions to a non-Abelian lattice gauge theory, arXiv:
2212.14030.

[58] A.N. Ciavarella and I. A. Chernyshev, Preparation of the
SU(3) lattice Yang-Mills vacuum with variational quantum
methods, Phys. Rev. D 105, 074504 (2022).

[59] S. A. Rahman, R. Lewis, E. Mendicelli, and S. Powell,
Self-mitigating trotter circuits for SU(2) lattice gauge
theory on a quantum computer, Phys. Rev. D 106,
074502 (2022).

[60] V. Kasper, T. V. Zache, F. Jendrzejewski, M. Lewenstein,
and E. Zohar, Non-Abelian gauge invariance from dynami-
cal decoupling, Phys. Rev. D 107, 014506 (2023).

[61] J. Preskill, Quantum computing in the NISQ era and
beyond, Quantum 2, 79 (2018).

[62] Z. Davoudi, I. Raychowdhury, and A. Shaw, Search for
efficient formulations for Hamiltonian simulation of non-
Abelian lattice gauge theories, Phys. Rev. D 104, 074505
(2021).

[63] L. Funcke, T. Hartung, K. Jansen, and S. Kiihn, Review on
quantum computing for lattice field theory, Proc. Sci.
LATTICE2022 (2023) 228 [arXiv:2302.00467].

[64] C.W. Bauer, Z. Davoudi, A.B. Balantekin, T.
Bhattacharya, M. Carena, W. A. de Jong, P. Draper, A.
El-Khadra, N. Gemelke, M. Hanada et al., Quantum
simulation for high-energy physics, PRX Quantum 4,
027001 (2023).

[65] A.D. Meglio et al., Quantum computing for high-energy
physics: State of the art and challenges. summary of the
QC4HEP working group, arXiv:2307.03236.

[66] A. Sudbery, SU,(n) gauge theory, Phys. Lett. B 375, 75
(1996).

[67] G. Burgio, R. De Pietri, H. Morales-Técotl, L. Urrutia, and J.
Vergara, Matrix elements of the plaquette operator of lattice
gauge theory, QCD: Perturbative or Nonperturbative?
(World Scientific, 1999), Vol. 350, 10.1142/9789814525855.

[68] G. Bimonte, A. Stern, and P. Vitale, SUq(2) lattice gauge
theory, Phys. Rev. D 54, 1054 (1996).

[69] J. Kogut and L. Susskind, Hamiltonian formulation of
Wilson’s lattice gauge theories, Phys. Rev. D 11, 395
(1975).

[70] L. C. Biedenharn and M. A. Lohe, Quantum Group Sym-
metry and g-Tensor Algebras (World Scientific, Singapore,
1995).

[71] C. Kassel, Quantum Groups (Springer Science & Business
Media, New York, 2012), Vol. 155, 10.1007/978-1-4612-
0783-2.

[72] D. Bonatsos and C. Daskaloyannis, Quantum groups and
their applications in nuclear physics, Prog. Part. Nucl.
Phys. 43, 537 (1999).

[73] E. Ardonne and J. Slingerland, Clebsch—Gordan and
6j-coefficients for rank 2 quantum groups, J. Phys. A
43, 395205 (2010).

[74] The process of replacing a Lie algebra g with a quantum
group U, (g) is often referred to as a “q deformation” [70].
In our case, where g = 81(2), the deformation parameter
is given by g = ¢27i/(k+2),

[75] Y. Wang, Z. Hu, B. C. Sanders, and S. Kais, Qudits and
high-dimensional quantum computing, Front. Phys. 8,
589504 (2020).

[76] G. K. Brennen, S. S. Bullock, and D. P. O’Leary, Efficient
circuits for exact-universal computations with qudits,
arXiv:quant-ph/0509161.

[77] Y. Chi, J. Huang, Z. Zhang, J. Mao, Z. Zhou, X. Chen, C.
Zhai, J. Bao, T. Dai, H. Yuan et al., A programmable qudit-
based quantum processor, Nat. Commun. 13, 1166 (2022).

[78] M. Ringbauer, M. Meth, L. Postler, R. Stricker, R. Blatt, P.
Schindler, and T. Monz, A universal qudit quantum
processor with trapped ions, Nat. Phys. 18, 1053 (2022).

[79] N. Goss, A. Morvan, B. Marinelli, B.K. Mitchell,
L.B. Nguyen, R.K. Naik, L. Chen, C. IJiinger,
J.M. Kreikebaum, D.I. Santiago et al., High-fidelity
qutrit entangling gates for superconducting circuits, Nat.
Commun. 13, 7481 (2022).

[80] E.J. Gustafson, Prospects for simulating a qudit-based
model of (1 + 1) d scalar QED, Phys. Rev. D 103, 114505
(2021).

[81] T. V. Zache, M. Van Damme, J. C. Halimeh, P. Hauke, and
D. Banerjee, Toward the continuum limit of a (1 +1) d
quantum link Schwinger model, Phys. Rev. D 106,
L091502 (2022).

[82] T. V. Zache, D. Gonzalez-Cuadra, and P. Zoller, Fermion-
qudit quantum processors for simulating lattice gauge
theories with matter, Quantum 7, 1140 (2023).

[83] A. Ciavarella, N. Klco, and M. J. Savage, Some conceptual
aspects of operator design for quantum simulations of non-
Abelian lattice gauge theories, arXiv:2203.11988.

[84] M. S. Alam, S. Belomestnykh, N. Bornman, G. Cancelo,
Y.-C. Chao, M. Checchin, V. S. Dinh, A. Grassellino, E. J.
Gustafson, R. Harnik ef al., Quantum computing hardware
for HEP algorithms and sensing, arXiv:2204.08605.

[85] D. M. Kurkcuoglu, M. S. Alam, J. A. Job, A.C. Li, A.
Macridin, G.N. Perdue, and S. Providence, Quantum
simulation of ¢* theories in qudit systems, arXiv:
2108.13357.

[86] D. Robson and D. Webber, Gauge covariance in
lattice field theories, Z. Phys. C Part. Fields 15, 199 (1982).

[87] 1. Raychowdhury, Low energy spectrum of su (2) lattice
gauge theory: An alternate proposal via loop formulation,
Eur. Phys. J. C 79, 235 (2019).

[88] See  Supplemental Material at http:/link.aps.org/
supplemental/10.1103/PhysRevLett.131.171902 for de-
tailed calculations omitted in the main text for brevity,
which includes Ref. [89-94].

[89] A.P. Yutsis, I. B. Levinson, and V. V. Vanagas, Mathe-
matical apparatus of the theory of angular momentum,
Academy of Sciences of the Lithuanian SS R (1962).

[90] B. Dittrich and M. Geiller, Quantum gravity kinematics
from extended TQFTS, New J. Phys. 19, 013003
(2017).

[91] A. Kirillow and N. Y. Reshetikhin, Representations of the
algebra U, (sl(2)), g-orthogonal polynomials and invari-

171902-8


https://arXiv.org/abs/2107.12769
https://arXiv.org/abs/2107.12769
https://doi.org/10.22331/q-2022-09-22-816
https://arXiv.org/abs/2212.14030
https://arXiv.org/abs/2212.14030
https://doi.org/10.1103/PhysRevD.105.074504
https://doi.org/10.1103/PhysRevD.106.074502
https://doi.org/10.1103/PhysRevD.106.074502
https://doi.org/10.1103/PhysRevD.107.014506
https://doi.org/10.22331/q-2018-08-06-79
https://doi.org/10.1103/PhysRevD.104.074505
https://doi.org/10.1103/PhysRevD.104.074505
https://doi.org/10.22323/1.430.0228
https://doi.org/10.22323/1.430.0228
https://arXiv.org/abs/2302.00467
https://doi.org/10.1103/PRXQuantum.4.027001
https://doi.org/10.1103/PRXQuantum.4.027001
https://arXiv.org/abs/2307.03236
https://doi.org/10.1016/0370-2693(96)00211-0
https://doi.org/10.1016/0370-2693(96)00211-0
https://doi.org/10.1142/9789814525855
https://doi.org/10.1103/PhysRevD.54.1054
https://doi.org/10.1103/PhysRevD.11.395
https://doi.org/10.1103/PhysRevD.11.395
https://doi.org/10.1007/978-1-4612-0783-2
https://doi.org/10.1007/978-1-4612-0783-2
https://doi.org/10.1016/S0146-6410(99)00100-3
https://doi.org/10.1016/S0146-6410(99)00100-3
https://doi.org/10.1088/1751-8113/43/39/395205
https://doi.org/10.1088/1751-8113/43/39/395205
https://doi.org/10.3389/fphy.2020.589504
https://doi.org/10.3389/fphy.2020.589504
https://arXiv.org/abs/quant-ph/0509161
https://doi.org/10.1038/s41467-022-28767-x
https://doi.org/10.1038/s41567-022-01658-0
https://doi.org/10.1038/s41467-022-34851-z
https://doi.org/10.1038/s41467-022-34851-z
https://doi.org/10.1103/PhysRevD.103.114505
https://doi.org/10.1103/PhysRevD.103.114505
https://doi.org/10.1103/PhysRevD.106.L091502
https://doi.org/10.1103/PhysRevD.106.L091502
https://doi.org/10.22331/q-2023-10-16-1140
https://arXiv.org/abs/2203.11988
https://arXiv.org/abs/2204.08605
https://arXiv.org/abs/2108.13357
https://arXiv.org/abs/2108.13357
https://doi.org/10.1007/BF01475006
https://doi.org/10.1140/epjc/s10052-019-6753-0
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.171902
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.171902
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.171902
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.171902
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.171902
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.171902
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.171902
https://doi.org/10.1088/1367-2630/aa54e2
https://doi.org/10.1088/1367-2630/aa54e2

PHYSICAL REVIEW LETTERS 131, 171902 (2023)

ants of links, Infinite Dimensional Lie Algebras and
Groups (1989), 10.1142/0869.

[92] A. Messiah, Quantum Mechanics, Vol. II (IOP Publishing
Ltd, 1962), 10.1088/0305-4470/22/18/004.

[93] L. Biedenharn, The quantum group SU,(2) and a
g-analogue of the Boson operators, J. Phys. A 22, 1873
(1989).

[94] A. Muthukrishnan and C. R. Stroud Jr, Multivalued logic
gates for quantum computation, Phys. Rev. A 62, 052309
(2000).

[95] G. Keller, Fusion rules of U,(sI(2,C)), ¢" =1, Lett.
Math. Phys. 21, 273 (1991).

[96] D. Arnaudon, Composition of kinetic momenta: The
Uq(sl(2) case, Commun. Math. Phys. 159, 175 (1994).

[97] D. Robson and D. Webber, Gauge theories on a small
lattice, Z. Phys. C Part. Fields 7, 53 (1980).

[98] D. Banerjee, F.-J. Jiang, T. Z. Olesen, P. Orland, and U.-J.
Wiese, From the SU(2) quantum link model on the
honeycomb lattice to the quantum dimer model on the
kagome lattice: Phase transition and fractionalized flux
strings, Phys. Rev. B 97, 205108 (2018).

[99] J. W. Cherrington, J. D. Christensen, and I. Khavkine, Dual
computations of non-Abelian Yang-Mills theories on the
lattice, Phys. Rev. D 76, 094503 (2007).

[100] S. Dusuel and J. Vidal, Mean-field ansatz for topological
phases with string tension, Phys. Rev. B 92, 125150
(2015).

[101] L. Vanderstraeten, M. Marién, J. Haegeman, N. Schuch,
J. Vidal, and F. Verstraete, Bridging perturbative expan-
sions with tensor networks, Phys. Rev. Lett. 119, 070401
(2017).

[102] Z.-C. Gu, M. Levin, B. Swingle, and X.-G. Wen, Tensor-
product representations for string-net condensed states,
Phys. Rev. B 79, 085118 (2009).

[103] O. Buerschaper, M. Aguado, and G. Vidal, Explicit tensor
network representation for the ground states of string-net
models, Phys. Rev. B 79, 085119 (2009).

[104] D. Robaina, M. C. Baiiuls, and J.I. Cirac, Simulating
2 + 1D Zj lattice gauge theory with an infinite projected
entangled-pair state, Phys. Rev. Lett. 126, 050401
(2021).

[105] B. Svetitsky and L. G. Yaffe, Critical behavior at finite-
temperature confinement transitions, Nucl. Phys. 210B,
423 (1982).

[106] M.J. Teper, SU(N) gauge theories in 2 4 1 dimensions,
Phys. Rev. D 59, 014512 (1998).

[107] N.E. Bonesteel and D. P. DiVincenzo, Quantum circuits
for measuring Levin-Wen operators, Phys. Rev. B 86,
165113 (2012).

[108] C. Hamer, A. Irving, and T. Preece, Cluster expansion
approach to non-Abelian lattice gauge theory in (3 + 1)D
(I).SU3), Nucl. Phys. B270, 553 (1986).

[109] K. Liegener and T. Thiemann, Towards the fundamental
spectrum of the quantum Yang-Mills theory, Phys. Rev. D
94, 024042 (2016).

[110] D. Gonzalez-Cuadra, D. Bluvstein, M. Kalinowski, R.
Kaubruegger, N. Maskara, P. Naldesi, T. V. Zache, A. M.
Kaufman, M. D. Lukin, H. Pichler, B. Vermersch, J. Ye,
and P. Zoller, Fermionic quantum processing with pro-
grammable neutral atom arrays, Proc. Natl. Acad. Sci.
U.S.A. 120, €2304294120 (2023).

[111] B. Dittrich, S. Mizera, and S. Steinhaus, Decorated tensor
network renormalization for lattice gauge theories and spin
foam models, New J. Phys. 18, 053009 (2016).

[112] M. Asaduzzaman, S. Catterall, and J. Unmuth-Yockey,
Tensor network formulation of two-dimensional gravity,
Phys. Rev. D 102, 054510 (2020).

[113] L. Cohen, A.J. Brady, Z. Huang, H. Liu, D. Qu, J.P.
Dowling, and M. Han, Efficient simulation of loop
quantum gravity: A scalable linear-optical approach, Phys.
Rev. Lett. 126, 020501 (2021).

[114] A.M. Somoza, P. Serna, and A. Nahum, Self-dual criti-
cality in three-dimensional Z, gauge theory with matter,
Phys. Rev. X 11, 041008 (2021).

[115] R. Koenig, G. Kuperberg, and B. W. Reichardt, Quantum
computation with Turaev—Viro codes, Ann. Phys.
(Amsterdam) 325, 2707 (2010).

[116] Y.-J. Liu, K. Shtengel, A. Smith, and F. Pollmann,
Methods for simulating string-net states and anyons on
a digital quantum computer, PRX Quantum 3, 040315
(2022).

[117] G. Magnifico, T. Felser, P. Silvi, and S. Montangero,
Lattice quantum electrodynamics in (3 + 1)-dimensions at
finite density with tensor networks, Nat. Commun. 12,
3600 (2021).

[118] P. Emonts, A. Kelman, U. Borla, S. Moroz, S. Gazit, and E.
Zohar, Finding the ground state of a lattice gauge theory
with fermionic tensor networks: A 2 + 1D Z, demonstra-
tion, Phys. Rev. D 107, 014505 (2023).

[119] J.R. McClean, J. Romero, R. Babbush, and A. Aspuru-
Guzik, The theory of variational hybrid quantum-classical
algorithms, New J. Phys. 18, 023023 (2016).

[120] T. Hayata and Y. Hidaka, String-net formulation of
Hamiltonian lattice Yang-Mills theories and quantum
many-body scars in a nonabelian gauge theory, J. High
Energy Phys. 09 (2023) 126.

[121] T. Hayata and Y. Hidaka, Breaking new ground for
quantum and classical simulations of SU(3) Yang-Mills
theory, J. High Energy Phys. 09 (2023) 123.

171902-9


https://doi.org/10.1142/0869
https://doi.org/10.1088/0305-4470/22/18/004
https://doi.org/10.1088/0305-4470/22/18/004
https://doi.org/10.1088/0305-4470/22/18/004
https://doi.org/10.1103/PhysRevA.62.052309
https://doi.org/10.1103/PhysRevA.62.052309
https://doi.org/10.1007/BF00398325
https://doi.org/10.1007/BF00398325
https://doi.org/10.1007/BF02100490
https://doi.org/10.1007/BF01577321
https://doi.org/10.1103/PhysRevB.97.205108
https://doi.org/10.1103/PhysRevD.76.094503
https://doi.org/10.1103/PhysRevB.92.125150
https://doi.org/10.1103/PhysRevB.92.125150
https://doi.org/10.1103/PhysRevLett.119.070401
https://doi.org/10.1103/PhysRevLett.119.070401
https://doi.org/10.1103/PhysRevB.79.085118
https://doi.org/10.1103/PhysRevB.79.085119
https://doi.org/10.1103/PhysRevLett.126.050401
https://doi.org/10.1103/PhysRevLett.126.050401
https://doi.org/10.1016/0550-3213(82)90172-9
https://doi.org/10.1016/0550-3213(82)90172-9
https://doi.org/10.1103/PhysRevD.59.014512
https://doi.org/10.1103/PhysRevB.86.165113
https://doi.org/10.1103/PhysRevB.86.165113
https://doi.org/10.1016/0550-3213(86)90568-7
https://doi.org/10.1103/PhysRevD.94.024042
https://doi.org/10.1103/PhysRevD.94.024042
https://doi.org/10.1073/pnas.2304294120
https://doi.org/10.1073/pnas.2304294120
https://doi.org/10.1088/1367-2630/18/5/053009
https://doi.org/10.1103/PhysRevD.102.054510
https://doi.org/10.1103/PhysRevLett.126.020501
https://doi.org/10.1103/PhysRevLett.126.020501
https://doi.org/10.1103/PhysRevX.11.041008
https://doi.org/10.1016/j.aop.2010.08.001
https://doi.org/10.1016/j.aop.2010.08.001
https://doi.org/10.1103/PRXQuantum.3.040315
https://doi.org/10.1103/PRXQuantum.3.040315
https://doi.org/10.1038/s41467-021-23646-3
https://doi.org/10.1038/s41467-021-23646-3
https://doi.org/10.1103/PhysRevD.107.014505
https://doi.org/10.1088/1367-2630/18/2/023023
https://doi.org/10.1007/JHEP09(2023)126
https://doi.org/10.1007/JHEP09(2023)126
https://doi.org/10.1007/JHEP09(2023)123

