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Nonequilibrium dynamics of quantum many-body systems is one of the main targets of quantum simulations.
This focus—together with rapid advances in quantum-computing hardware—has driven increasing applications
in high-energy physics, particularly in lattice gauge theories. However, most existing experimental demonstra-
tions remain restricted to (1+1)-dimensional and/or Abelian gauge theories, such as the Schwinger model and
the toric code. It is essential to develop quantum simulations of non-Abelian gauge theories in higher dimensions,
addressing realistic problems in high-energy physics. To fill the gap, we demonstrate a quantum simulation of
real-time dynamics in a (2+1)-dimensional g-deformed SU(2); Yang-Mills theory using a trapped-ion quantum
computer. By restricting the irreducible representations of the gauge fields to the integer-spin sector of SU(2)s,
we obtain a simplified yet nontrivial model described by Fibonacci anyons, which preserves the essential
non-Abelian fusion structure of the gauge fields. As a demonstration, we simulate the real-time dynamics of
this model using quantum circuits that explicitly implement F-moves. In our demonstrations, the quantum
circuits execute up to 47 sequential F-moves. We identify idling errors as the dominant error source, which
can be effectively mitigated using dynamical decoupling combined with a parallelized implementation of

F-moves.
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I. INTRODUCTION

Understanding the nonperturbative dynamics of quantum
field theories is one of the central challenges in modern
physics and has led to remarkable progress in the physics of
phase transitions in quantum many-body systems. A semi-
nal example in condensed matter physics is the microscopic
theory of superconductivity developed by Bardeen et al. [1],
illustrating the power of quantum field theories and the im-
portance of nonperturbative analysis. Nonperturbative effects
of quantum field theories are also important in high-energy
physics: The fundamental forces between elementary particles
are described by a quantum field theory called a non-Abelian
gauge theory (this is the so-called standard model of particle
physics [2]). It is believed that the early universe underwent
phase transitions, and accurate computation of the nonper-
turbative effects of a non-Abelian gauge theory is necessary
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to understand the phase transitions and evolution of our
universe.

Lattice gauge theory, pioneered by Wilson [3], provides the
most powerful and established first-principles formulation of
gauge theories [4]. By defining quantum field theories on a
discretized spacetime lattice with a finite number of degrees
of freedom, it introduces a natural ultraviolet cutoff to reg-
ularize the divergence of quantum field theories. Combined
with advanced Monte Carlo methods, the lattice formula-
tion has been remarkably successful in computing a wide
range of nonperturbative phenomena in quantum chromo-
dynamics (QCD), the non-Abelian gauge theory describing
the strong forces between quarks and gluons [5]. Driven by
rapid advances in high-performance computing and numeri-
cal techniques, lattice QCD simulations can now determine
static properties of QCD—such as the hadron mass spec-
trum, nuclear force, and the finite-temperature equation of
state—with unprecedented precision. These achievements
have established QCD as a precision science, and further
improvements are pursued on cutting-edge supercomputers,
particularly in efforts to probe physics beyond the standard
model [6].

Despite the great success of lattice simulations, a long-
standing challenge remains in computing the real-time
dynamics of QCD, or more generally, of gauge theories on
classical computers. In real-time simulations, the importance
sampling of the path integral, which is the core of lattice
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simulations, does not work due to the complex phase of the
action. This is known as the sign problem and severely limits
the first-principles studies of several key phenomena in high-
energy physics, such as the thermalization dynamics of QCD
relevant to the formation of quark-gluon plasma in heavy-ion
collisions, and the real-time dynamics of phase transitions in
the early universe. Note also that lattice simulations suffer
from the sign problem even in static problems at finite baryon
densities [7], hindering accurate determination of the QCD
equation of state that is crucial for understanding the interior
of neutron stars.

The rapid progress of quantum-computing technologies
has opened avenues for simulating complex quantum many-
body systems. Motivated by these developments [8,9],
significant effort has been devoted to applying quantum com-
puters to lattice gauge theories [10-36]. For example, the
string breaking dynamics has been demonstrated on quantum
computers. However, most existing studies focus on Abelian
gauge theories, such as the Z, gauge theory, or non-Abelian
gauge theories in (1 + 1) dimensions. Although several works
have explored non-Abelian gauge theories in (2 + 1) dimen-
sions, their Hamiltonians are simplified such that the essential
dynamics reduces to that of Abelian gauge theories or even
that of spin models. To our knowledge, the real-time dynamics
of a genuinely non-Abelian gauge theory, retaining its intrin-
sic non-Abelian structure, has yet to be simulated even for a
simple toy model.

Hereafter, by non-Abelian, we mean that the composition
rule of Wilson lines follows that of non-Abelian anyons:
The fusion of two Wilson lines does not form a (dis-
crete) group, but does the fusion algebra. As detailed below,
we realize such genuinely non-Abelian dynamics by im-
plementing Trotterized quantum circuits based on F-moves,
which act as local unitary transformations between string
networks.

In this paper, we demonstrate a digital quantum simulation
of the real-time dynamics of a non-Abelian lattice gauge the-
ory using a trapped-ion computer. A direct implementation
of lattice QCD may be beyond the reach of present quan-
tum devices because it requires both an excessive number
of qubits and prohibitively deep quantum circuits. To alle-
viate this limitation, we introduce a simplified model that
retains the essential non-Abelian fusion rule of Wilson lines.
Using the simplified model whose gauge dynamics is de-
scribed by the simplest non-Abelian anyons, known as the
Fibonacci anyons, we study what is required to leverage the
full potential of the present noisy quantum devices to perform
digital quantum simulations of non-Abelian lattice gauge
theories.

A key challenge is the characterization of hardware- and
circuit-dependent noise, which is essential for making quan-
titative predictions. Unlike in digital simulation of other
models, such as the transverse-field Ising model, the dominant
errors in our circuit arise not from two-qubit gates—usually
the primary source—but from memory noise incurred while
qubits wait for operations of the F-moves. We show that this
memory noise can be substantially mitigated by dynamical
decoupling (DD). We also emphasize that our simulation ex-
plicitly implements the F-moves, leveraging the strengths of
digital quantum computation.

II. ¢-DEFORMED YANG-MILLS THEORY
ON A HONEYCOMB LATTICE

We start with the g-deformed formulation of the lattice
Yang-Mills theory on a honeycomb lattice [37-41], with the
F-moves describing the fusion of Fibonacci anyons [39]. The
Hamiltonian is essentially the same as that of a microscopic
model of interacting anyons proposed in Ref. [42]. The basis
of quantum states is represented by a network of Wilson
lines, or equivalently, a network of strings [37]. For instance,
the basis of the quantum state of a one-plaquette system is
graphically represented by

where edges are labeled by the Dynkin indices or the type
of anyons excited on the edges. For instance, a; and c; take
half-integer values ranging from O to k/2 in the g-deformed
SU(2), Yang-Mills theory, and the composition rule of Wilson
lines is given as a x b =) N’ c with

1 ja+jb2jc’jb+j52jasjc+jaZjbs
N, = Jatjp+Jje€Z,and j, + jp + je <k . (2)

0 else

Thus, the fusion of two Wilson lines does not form a group
except k =1 [41], but does the fusion algebra. From now
on, we consider the so-called Fibonacci anyons as excitations,
which correspond to the integer-spin sector of the g-deformed
SU(2)3 Yang-Mills theory. Then, there are only two possible
types: one is the trivial particle 1, and the other is the Fi-
bonacci anyon t. Thus, a; and ¢; take either 1 or t, which are
mapped onto qubits. In the language of g-deformed SU(2);3
Yang-Mills theory, 1 and 7 correspond to the spin-0 and spin- 1
representations, respectively. The fusion rule of 1 and 7 is
given as

TXT=1+T1

3

I1x1=1, I1x7t=r1, Tx1=m,

All string networks are not necessarily physically relevant
states, and the logical Hilbert space is described by a set of
them that satisfy the constraints at the vertices. The local basis
satisfying the constraints by the fusion rule (3) at a vertex is
graphically represented as

T T
T T ° 1

\]
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Notice that the annihilation of a single T anyon on a vertex
is not allowed. Those constraints are nothing but the Gauss-
law constraints in lattice gauge theories. The entire basis of
the logical Hilbert space is constructed by connecting the
local basis satisfying Eq. (4) to form a honeycomb lattice.
Notice that the wave function identically satisfies the con-
straints under the Hamiltonian evolution if the initial state
does.

We here introduce the Hamiltonian describing the dynam-
ics of our system. The Kogut-Susskind Hamiltonian of the
lattice Yang-Mills theory is

Hym = He + Hy

= Y Re-k Y, O

ec& feF

where £ and F are the sets of edges and faces of a hon-
eycomb lattice, respectively [43]. Eiz(e) and trU.(f) are the
squares of the electric-field operators and the plaquette oper-
ator, respectively. In the string-net basis, they are graphically
represented as

2
E,’ a = 5(17 a (6)
and
3 6 Cs ,
Ciai T
tr U 2= 1_[ Z[Faf o, ay 2
S 2

N

where aj, = aj, and [F¢*],; is the F-move, which describes
the local unitary transformation between string networks and
is defined as

b c b C
€ abc
0 i W R €
f
a d P q

The nontrivial F-move of the Fibonacci anyons is

|._.g|._.
<

[F ] = ; (€))

|
|
S |—= "

14

with ¢ being the golden ratio, ¢ = (1 + V/5)/2, and the others
are [F d“b"]& ¢ = 1if the labels in Eq. (8) satisfy constraints (4)
at the vertices and otherwise [F, d“””]e,f = 0. The last property
of the F-moves guarantees that the Hamiltonian commutes
with the constraints.

In principle, the Trotterized time evolution generated by
the Hamiltonian (5) can be simulated on digital quantum
computers using the circuit representation of the F-moves as
described in Ref. [38]. However, each plaquette term requires
ten F' moves per Trotter step [38], and the implementation of
the F-moves is very challenging on current noisy quantum

devices (the explicit circuit will be given shortly). As a result,
the Hamiltonian (5) involves an excessive number of two-
qubit gates in one Trotter step, leaving the Trotter evolution
(even the Floquet evolution with a large Trotter step) infea-
sible on present quantum devices. Indeed, the explicit action
of the F-moves can be avoided using the dual Hamiltonian if
gauge fields are effectively Abelian [28]. Such a dual Hamil-
tonian is no longer useful to avoid the F'-moves for our case,
and we need to face them directly. Hence, in this paper, we
modify the Hamiltonian to reduce the cost of the F'-moves.

Our prescription is very simple: We apply the plaquette
interactions and the electric terms only to a subset of the graph
as described below. Since we can understand the plaquette
interaction as a penalty term that does not allow the loop
excitation [42], this prescription means a (strong) perturba-
tion that induces loop excitations in terms of the original
honeycomb model. Importantly, this modification does not
break the gauge symmetry at all. In graphical representations,
the plaquette terms are represented as holes [40,42], and we
remove some holes as follows:

, (10)

where we apply the E2 operator to the red edges (which
correspond to tubes in Ref. [42]) and the trU,(f) operator
to plaquettes with holes. Notice that the resulting system is
topologically equivalent to the theory on a triangular lattice.
This provides an alternative perspective, indicating that our
prescription preserves the gauge symmetry. To make this point
more transparent, we explicitly decompose the triangular

N

into a trivalent graph, following Ref. [39]. By introducing
auxiliary edges, each vertex of the triangular lattice can be
decomposed into a set of trivalent vertices, forming an addi-
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tional face (plaquette):

where the plaquette without a black hole is an auxiliary pla-
quette introduced by the decomposition, and the Hamiltonian
has no support on this plaquette or on the auxiliary edges
(shown as black lines). Similarly, each face of the triangular
lattice can be decomposed into a face of the trivalent graph as

13)

Applying these decompositions to the triangular lattice, we
obtain the graph (10).

Under the prescription, we can move to the topologically
equivalent graph, i.e., the decorated honeycomb lattice, fol-
lowing Refs. [28,42]:

: (14)

where we applied the F'-moves to the red edges successively.
We note that the E? operator is defined by Eq. (6) in the
original Honeycomb graph. Therefore, we change the state by
F-moves to the basis defined on the original graph, apply the
E? operator, and then pull back the state defined on the dec-
orated honeycomb lattice. Then, in this basis, the E 2 operator
acts as

b c b ¢
B >Le= Y IFIE o _]] »
a d 7 a d
b ¢
= D IF s _|f o
! a d
b by b 6/ 5
;[Fd ls[F8 ]e/féff;>—<d. )

Similarly, its exponential reads

b c b ,c

S EL = YL ey SEL
a da a d

(16)

where e '%* can be implemented as the R, single-qubit
rotation gate in qubit quantum devices, and this uses two F
moves in one Trotter step. We map the 1 and t particles to
the 0 and 1 states in qubits, respectively. Then, e ~'%%/ can be
implemented as R,(—dt) = ei?Z up to the irrelevant global
phase.

Next, the plaquette operator acts as

C3

trU, az/\a2

a
C1 1 Co
C3 b ag
. 9 C
= D FE gy r Uy >0
b3 C1 ai
C3 b
_ aycic aybsc 3 C2
- Z[FazlLl 3]031)3 [Fall 3 z]azbz tr UT
ba,b3 C1 b2
a1
C3 b
aicic. aibsc, b 3 C2
= [F(h] Il}]a3b3[Ful 3(z]azbz[s z]albl
2 1
by,by,bs C1 b2
by
— Faicics Faibse sz
- [ ar ]u3b3[ ap ]ugbg[ ]u1b1
b1,b2,b3.b)
bibsca 3 C2
A, S U
C1 b1
acc aybsc b
= [ngl ]L3]03b3 [Fall 3L2]£lzb2[S 2]a]b]
b1,b2,b3,b’), b

C3

bibsc brere o
XLE % Dy, LE ™ Dy ZYXC

17
C1 b1 C2 ( )

where we defined the action of trU; to a tadpole graph as

b b
U é) = D 18" d) : (18)
a @ a/

Here, we apply the Wilson loop operator to the state |a), under
the condition that the state on the external edge is |b). The
result is written as Eq. (18), and S can be computed by using
Eq. (7). Taking a; = afori=1,2,...,6,cy =b,and ¢; = 1
fori=2,3,...,6 in Eq. (7), we obtain [Saw = [Fab,“’],w/.
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FIG. 1. Qubit layout simulated in the experiments. Although the
full cluster is shown, the simulation incorporates only a subset of the
edge degrees of freedom, rather than the entire cluster.

A tadpole graph must satisfy the constraints (4). Thus, if
b = 1, the vertex constraint requires a = ¢’ = 7 and [S"],; =
[F*"].r = —1/¢. It then follows that [ST],y = —8a:0a</¢.
Next, for b = 1, we have [S$'],n = [Fal,“’]aar, which equals
unity if the labels in Eq. (8) satisfy constraints (4) at the
vertices, and vanishes otherwise. Consequently, [S'],. takes

the form
[s'1 = <(1’ }) (19)

Similarly, e 7//"Ur can be implemented by replacing S with
e 'S which is a controlled unitary gate in the quantum cir-
cuit. e 74""Ur consumes two general F-moves and two special
F-moves in which two of four arguments of the F-moves
are the same. Notice that e7'"Us consumes eight general
F-moves and two special F-moves (ten F-moves in total for
each plaquette term) in the original honeycomb graph [38].

III. METHODS
A. Model

We simulate the real-time dynamics of an 18 qubit system
shown in Fig. 1. We consider the periodic boundary condi-
tions. In the Hamiltonian, we have four plaquette (magnetic)
terms that act on the following qubits:

14 17
/Z’& )&
15 . 13 18 10 16
13 5 13 16 ¢ 18
6\ 4 V7

17 14

) (20)

and six electric terms that act on the following qubits:

> 52 7
o—2C< >—<
1 13 0 3 14 5
5 3 11 8
s < S>—< . o
T P Ao 160
6
@

12 8 12
77T 4 BD

This may be a minimal (24-1)-dimensional system.
We consider the second-order Trotter decomposition of the
Hamiltonian evolution

e HI (efi%HMefidtHEefi%HM W

ot . . o Cdr
—e 12HM(e 1dtHEe ldtHM)N le 1dtHEe 12HM’ (22)

where 7, N, and dt =t /N are the time interval, the number
of Trotter steps, and the Trotter step, respectively. Since we
measure the Wilson loop in our experiment, the last half-step

e’i%H’", which commutes with the Wilson loop operator, can
be removed.

For a later purpose, we introduce the self-unitary Wilson
loop as follows. First, the normalized regular Wilson loop

1
tI‘Ureg = T(pz(l + () trU-[) (23)

is a projector, i.e., (trUreg)2 = rUps. Therefore,

1= 29
_1+¢2 1+¢2

trUp = 2trUpeg — 1 U,  (24)

satisfies (trUp)? = trUpeg — 1)> = 1. We also define Sp as

1—g02 2¢

Sp = :
P4 14

(25)

Its eigenvalues are +1, so that Sp and its exponential can be
written as the Pauli Z and phase rotation gate, respectively.
This property is useful when we implement the Trotter evo-
lution gates on real devices. Notice that 2¢ /(1 + ¢?) =2/ NG

—iKditU; _ o-i

s .
and e ' KdiuUr yp 10 the irrelevant global phase.

B. Gate decomposition

We follow Refs. [44,45] for the circuit implementation of
the F-moves. An F-move can be represented by the four-
controlled gate operations,

XH{x— . eo

U]

where the four-controlled gate denoted by F is the unitary
gate of the nontrivial F'-move [F""] in Eq. (9) and may be
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represented as

= ; 27

Ry[0] { X | Ry[-01

with & = arctan go‘%. Using two ancilla qubits, we decompose
the five-qubit Toffoli (CCCCX) gate to the Toffoli (CCX) gate
as

LAl
|EﬂTTTT

e g P
1T 0y {x X} 10)
—— _ 28)
g 10) X X 0y
{x}
1
X

where the ancilla qubits are the qubits whose initial and final
states are |0). We also need the F'-moves such that two of four
arguments (control qubits) are the same, i.e., [Fa“b"]. Such F-
moves may be represented as

» 4+ i
L — @

This can be obtained by assuming that a = d in the F'-moves
in Eq. (26). The three-controlled F is defined by

[Fa*1 =

14

—
—
—

= g (30)

T 0 b e

and we can decompose the four-qubit Toffoli (CCCX) gate to
the Toffoli (CCX) gate, using one ancilla qubit, as

14

'_
- oDl g,
{x} o
— [ —
Finally, we need e‘i%s", which may be written as

]
R 10

—-i4Ssp _

(32)

Classical simulation results

1.0
0.8
/\_/
—
<04
0.2 — K =012 K=05—K=10
— K=025 K=06—K=20
00 — K =04 K =08
0 i 2 3 !
t

FIG. 2. Classical noiseless simulation of the K dependence of
the real-time dynamics. The fast relaxation toward a steady state is
realized at K = 0.5 around ¢ = 3.0.

where 6 = 2 arctan ¢. Notice that

1—¢? 2¢
1+¢? 1+¢?
I
2¢ 1+2¢p—¢
1+(,02 l+¢2

- ale D)6 ) )
I AN e Ul
=R, (0)ZZR,()Z (33)

and

[Se] = <é ° 1)- (34)

If the control anyon is 7 (1 in qubits), the target anyon (qubit)
is always = (1). Thus, [Sg];; can be arbitrary since it does
not act on the logical Hilbert space. Although the actual value
of [Spli1 in Eq. (25) is —1/\/5, we choose [Sp]i1 =1, so as
[Sp] to be implemented as the Pauli Z. Using those gates,
we can simulate the Trotter circuit of our model. For addi-
tional gates that we need to measure the Wilson loop, see
Appendix A.

We remark that some Toffoli gates in F-moves whose
target qubits are ancilla qubits can be replaced with the
relative-phase Toffoli gates [46,47]. The latter can be imple-
mented more efficiently than the Toffoli gate. This is apparent
since the ancilla qubits are in |0), and the phase does not
appear [47]. Also, we do not apply the (relative-phase) Toffoli
gates to restore ancilla qubits to their initial state |0), but reset
ancilla qubits after applying the Toffoli gate to the target qubit
of the F-move. Those tricks reduce the cost of two-qubit gates
in the F'-moves almost by half.

The K dependence of the real-time dynamics is shown in
Fig. 2. We here classically simulate the second order Trotter
circuit (22) with dt = 0.02 and compute the expectation value
of the regular Wilson loop operator trU,,. We choose the
vacuum in the strong coupling limit [0) = |0, ..., 0) (in qubit
representation) as the initial state. The Trotter step size is set
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sufficiently small so that the associated error becomes negligi-
ble. We take this classical simulation as the exact result in the
following experiments. We see fast relaxation toward a steady
state realized around K = 0.5. Accordingly, we focus on the
quantum simulation of the real-time dynamics at K = 0.5.
The results for longer time evolution are also presented in
Appendix C, where we additionally show the dynamics of E>
for comparison.

IV. EXPERIMENTS

We experimentally demonstrate a digital quantum sim-
ulation of the non-Abelian gauge theory on Quantinuum’s
H2-1 trapped-ion quantum computer [48,49]. The H2-1 is a
programmable digital quantum computer that consists of 56
qubits and supports single-qubit rotation gates and two-qubit
Z7Phase gates e~15297 ith an arbitrary rotation angle 6 as
native gates. The two-qubit native gates can be applied to any
pair of qubits, realizing all-to-all connectivity. The average
single- and two-qubit gate infidelities are about 0.003% and
0.1%, respectively. State preparation and measurement errors
are 0.1% on average. See Refs. [48,49] for more details.
Furthermore, DD is available on the H2 system. DD is an error
suppression technique that inserts a sequence of single-qubit
pulses on idling qubits to reduce the accumulation of coherent
noise.

We find that a naive implementation of e ~1¢/Hze~idHy yses
680 ZZPhase gates at each Trotter step after compiling cir-
cuits with TKET. To reduce the gate count, we explicitly
decompose the gates of the first Trotter step, which can be
further optimized by taking the initial state into consideration.
For details, see Appendix B 1. As a result, the number of
Z7Phase gates in the first Trotter step is cut down to only
50 ZZPhase gates, including the F-moves used for measure-
ment. We also adopt CPflow [50] to variationally optimize
the circuit for e 4/fre=i4"Hu  allowing approximation error
[45]. See Appendix B 2 for details. Combining all the circuit
optimization strategies together, the total number of ZZPhase
gates in the Trotter circuit roughly scales as 50 + 300(m — 1)
with the number of Trotter steps m. After the reduction, the
simulation of three Trotter steps uses about 650 two-qubit
gates.

After the reduction of two-qubit gate count, the memory
noise from qubit idling becomes the dominant source of error,
due to the large circuit depth. Although the F-moves commute
with each other, the standard circuit compilation does not
optimize circuit depth by rearranging the order of F-moves.
To reduce the circuit depth, we arrange F-moves manually so
that they can be applied in parallel. Let us explain our strategy
one by one. The F-moves in Eq. (17) use external edges ci,
¢, and c3 as controlled qubits, and these edges are shared by
two faces. Exploiting the freedom to rotate triangles by 120°,
we apply [, e "U) 5o that the number of control qubits
used simultaneously by different plaquette implementations
is minimized in each step of Eq. (17). Then, the F-moves
that do not share controlled qubits can be applied in parallel.
Next, we explain the explicit gate ordering using the two
plaquette terms as an example. We consider the Trotter evo-
lution, e ¢"tUx(£2)g=id1tU:(f) The naive circuit representation
of e 1tUc(f2)e=iditUs(f1) before the reordering can be written

schematically as the left-hand side of

-F- -e—idtS- -F
Fp, Fp
F- -efidtS- _F-
F), F),
-F- -e—isz- -F-
Fy, Fy,
-F- -e—idrS- -F-
F, F,
(35)

We reorder the gates to reduce the qubit-idling time as shown
on the right-hand side of Eq. (35). The reordering can be
applied to all the plaquette terms so that the F-moves act
in parallel. The effects of ordering can be quantified by the
ZZPhase depth, that is, the number of ZZPhase gates in the
longest acyclic path through the circuit from the qubit ini-
tializations to the final measurements. Using the reordering,
the ZZPhase depth of the circuit is reduced from 140 to 112
for the two Trotter steps with df = 1.0, and from 271 to
238 for the three Trotter steps with df = 1.0. Notice that the
depth may slightly vary for different d¢ since we employ the
variational circuit.

Exploiting the aforementioned variational circuit reduction
and gate reordering, we compute the regular Wilson loop at
t =0.5,...,3.0,and 3.75. The Trotter step size dt is carefully
chosen to balance the Trotter error and noise effect because in-
creasing the number of Trotter steps leads to less Trotter error
at the cost of a larger influence of hardware noise. We simulate
a single Trotter step with dr = 0.5 and 1.0 for computing the
Wilson loop at + = 0.5 and 1.0. Similarly, we simulate two
Trotter steps with dr = 0.75, 1.0, and 1.25 for t = 1.5, 2.0,
and 2.5, and three Trotter steps with dr = 1.0 and 1.25 for

033137-7



HAYATA, HIDAKA, AND KIKUCHI

PHYSICAL REVIEW RESEARCH 8, 033137 (2026)

Experimental results
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FIG. 3. Experimental results of the real-time dynamics. Blue
squares represent the classical noiseless simulations of the Trotter
circuits used in experiments. Red triangles and green circles repre-
sent experimental results without and with dynamical decoupling.
The black solid curve represents the classical noiseless simulations
with a very small Trotter step, shown as the exact numerical simula-
tions of the continuous-time evolution.

t = 3.0 and 3.75. The executed circuits contain as many as
47 F-moves for simulating three Trotter steps. Notice that we
can reuse qubits as ancilla qubits in the simulations of two
Trotter steps, and we use 20 qubits in total (18 qubits for the
system and 2 for ancilla qubits), while we use 26 qubits in
total (18 qubits for the system and 8 for ancilla qubits) in the
simulations of three Trotter steps. We take 200 shots for each
circuit.

The experimental results are shown in Fig. 3. The raw data
(red) starts to deviate from the noiseless values at ¢t = 3.0,
which is simulated with three Trotter steps. However, the
deviation is suppressed when DD is turned on, as shown by
the green data points. This indicates that the dominant source
of hardware noise is the coherent error that accumulates over
time, which can be effectively mitigated by DD. Moreover, the
agreement between the experimental data with DD and those
of noiseless classical simulation within the statistical errors
suggests that the incoherent gate error does not have a large
impact on our circuits (notice that the two-qubit gate error
of H2-1 is 1.05 x 1073, and then the fidelity of three Trotter
steps is about 0.998 959 ~ 0.5 if we assume the depolariz-
ing channel). This is attributed to the fact that our circuits
are typically deep but acted upon by sparse gate operations,
allowing coherent error to build up while qubits are idling.
Such observations suggest that our circuits would benefit from
more aggressive optimization based on their depth rather than
two-qubit gate counts. Since such an optimization strategy has
not been fully explored yet, we leave it as future work.

V. OUTLOOK

We have demonstrated a digital quantum simulation of a
non-Abelian lattice gauge theory on a trapped-ion quantum
computer. We construct a simplified model that preserves the
non-Abelian fusion rule of Wilson lines and implement real-

time evolution of the model with explicit F'-moves describing
the non-Abelian anyons. Our experiments provide important
lessons for scaling up quantum simulations of non-Abelian
lattice gauge theories based on F-moves toward regimes
beyond the minimal truncation and the reach of classical com-
putations.

The dominant error source in our circuits is attributed not
to two-qubit gates but to memory noise accumulated during
long multiqubit controlled operations, that is, a large number
of Toffoli gates used in F-moves. This differs qualitatively
from typical spin-model benchmarks, where error budgets
track entangling-gate counts. We found that parallel schedul-
ing of F'-moves substantially reduces circuit depth, leading to
significant accuracy improvements, combined with DD.

To further extend reachable times, we employ a variational
circuit to compress the Trotter circuits. Instead of variationally
approximating the whole Trotter circuit at once, we compress
a subblock in each Trotter step, consisting of one plaquette
or one electric term. This modular approach not only reduces
the classical optimization overhead but also allows reusing the
same variational circuit for multiple blocks in larger systems.

Looking ahead, an important next step is extending our
experiments to categories involving more complex anyons
such as SU(2), or SU(3), with k > 3. These theories are
naturally represented by qudits and may require deeper cir-
cuits due to the increased complexity of their F-moves. In
particular, SU(3); with k > 3 exhibits fusion multiplicities,
necessitating additional qubits to encode the Hilbert space of
gauge fields [40]. It is also important to consider theories with
dynamical matter fields. Not only extending the complexity
of the gauge group but also scaling up the system size is cru-
cial for accessing physically relevant regimes of non-Abelian
gauge theories. To this end, developing more efficient circuit
decompositions of F'-moves and Trotter circuits, together with
error mitigation techniques tailored to non-Abelian gauge the-
ories, will be key to unlocking the full potential of quantum
computers.
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APPENDIX A: MEASUREMENT OF THE WILSON
LOOP OPERATOR

Notice that the F-moves are a basis transformation. We can measure the Wilson loop operator as we measure the Pauli X by
applying the Hadamard gate. Specifically, we measure trUp. The Wilson loop of other representations can be retrieved from the
expectation value of trUp. For example, the regular Wilson loop is given as trU,; = (1 + trUp)/2. We choose the basis in which
the Wilson loop operator trUp acts on a tadpole graph:

€3

C3
s bac b b3 Co
rUp ag/N\i2 = > [Fu Y0, [Fo o, [S P larn, :
a1 by.babs C1 b (Al)
c1 c3
b1

Then, we measure Sp in its eigenbasis. Notice that S} = R, C )ZZR, (0)Z and S§ = Z. The measurement circuit is given as

2
— 2z : (A2)
b1) R[]

where |b;) and |b,) qubits represent the qubits on the edges of the tadpole graph in Eq. (A1).

APPENDIX B: EXPERIMENTAL DETAILS

1. Explicit construction of the first Trotter step

We can explicitly compute the action of the Trotter gates to the initial state. Since we consider the second order Trotter

. . L . 3Kdi
decomposition, the first Trotter gate applied to the initial state is [] ¢’ LU ()0). 1t reads, for each face,

| VKt 117, _ Zei Kdi 511, a (B1)
This can be implemented as
0 R10) | RI-4) g r—L\
|0) 1 X | , (B2)

0 (-

where qubits represent the anyons defined on the edges of the face. This circuit acts on the four faces in Eq. (20). We can
completely remove the Toffoli gates associated with F'-moves, which is crucial in the experiments using noisy quantum devices.
Next, we consider the evolution by the electric terms after Eq. (B1). We need to compute the diagrams such as

a1 ag
> (B3)
aq ag

This diagram can also be computed explicitly as
1 1 1 1
[ ]

P >1 L >l (B4)

1 1 1 1
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T 1 T 1
ap .>L<. T .>L<. : (BS)
T 1 T 1
1 T 1 T
-igE? .>L<. = efi% .>L<. , (B6)
1 T 1 T
T T T T
e S>L = S F et S>PG B7)
T T 1 T T
This can be implemented as
lai)
laz) * *
) (B8)

0y —{x P[4 X ”26 H x HH PI-41 — x FH{ R [-26] —

where |a;) and |ay) qubits represent two of four legs in Eq. (B3). This circuit acts on the six edges in Eq. (21). The naive
implementation based on Eq. (16) consumes twelve Toffoli gates, but we can reduce them to only one controlled-controlled
phase gate. This is also crucial in the experiments using noisy quantum devices.

2. Explicit construction of the general Trotter steps

We can write the time evolution by magnetic terms as

C3 C3
- V5Kdr ¢b2 . /
g b S bb b /
as\az2 = E Far layn [Fg, " lasp, (€720 Ly, [F) 3cz]b’2b2[Fb;|L]C3]b;b3 by by . (B9)

a b1,ba,b3,b}.b,
1 ! C2 o c1 b e

ik

Since a; = ap = a3 = a after the first Trotter step, we can replace the general F-move [F 1 L ass with the simpler one for the
magnetic evolution in the second Trotter step. However, we can no longer reduce the circuit by using information of the initial
condition for subsequent Trotter gates.

For further reduction, we replace the original circuit with the variational (much shallower) one. To this end, we employ CPflow
[50]. The time evolution operator generally has the form U = F - - - Fe*(F ... F)', with A being S for the magnetic evolution
and Z for the electric evolution. Notice that the basis transformation and retransformation by F-moves, F - -- F and (F --- F)T,
consume many two-qubit gates and also result in the deep circuit due to the successive controlled operation. However, U may
be almost trivial unitary if dr is sufficiently small (the most parts may be the trivial basis transformation and retransformation).
This fact leads us to variationally approximate the time evolution operator with a much shallower circuit, keeping the accuracy.
We keep the loss of the CPflow, so that the difference between the original and variational circuits is negligibly small compared
with other errors such as the Trotter error and device noise. Specifically, we set loss in the CPflow to 5 x 10~. In our case, the
CPflow finds the variational circuit efficiently if the number of involved qubits is less than 6. Therefore, we replace part of the
magnetic evolution operator with the variational circuit:

) - VBKdr . ob2
b trS b\b ~
[ 7 laspy (€12 % Jay, [F,) 7 i, > [Ucpls (B10)

and the magnetic evolution operator is schematically written as

C3 C3
+ V5Kdt . /
tr U, . bicic /
Y azAag = g [Fa " lasts [UcpILF ;‘” v, bsADy . (B11)
a by.ba b3 b, b,
C1 1 Co 7 C1 bl C2

Notice that we apply the first and last full F-moves without approximation using ancilla qubits. On the other hand, the whole
electric evolution operator can be approximated by the variational circuit at once.
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Classical simulation results
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FIG. 4. Classical noiseless simulation of the K dependence of the
real-time dynamics for the regular Wilson loop.

APPENDIX C: ADDITIONAL CLASSICAL SIMULATIONS

We present the results of noiseless simulations of the long-
time evolution for the regular Wilson loop in Fig. 4 and for

1.0 — K =012 K=05— K=10
— K =02 K=06— K =20
0.8 — K =04 K =08
0.6
(‘\]/\
=
0.4
0.2
0.0
0 p 4 6 8 10
t

FIG. 5. Classical noiseless simulation of the K dependence of the
real-time dynamics for a local operator EZ.

another local operator E2 in Fig. 5. Both operators exhibit
similar dynamics. After the onset discussed in the main text,
the observables fluctuate around their equilibration values.
These fluctuations appear relatively large, presumably be-
cause the system is not sufficiently large.
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