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Giant atoms are quantum emitters coupled to waveguides at multiple, spatially separated points, enabling
interference effects that fundamentally change their light-matter interactions. A notable consequence of the
interference is the emergence of decoherence-free interaction (DFI), which allows coherent excitation exchange
between giant atoms via the waveguide without radiative loss. Leveraging DFI offers a promising route to
implementing two-qubit quantum gates without the need for additional resources, positioning giant atoms as
a versatile platform for scalable universal quantum simulators. However, existing work has focused primarily on
continuous, Markovian waveguides; in structured waveguides, where non-Markovian effects become significant,
only iSWAP gates have been explored. To address this gap, we introduce and analyze a protocol for implementing
controlled-z (CZ) gates with giant atoms in structured waveguides. We first show that while a minimal two-point
coupling scheme supports DFI, it also exhibits strong non-Markovian effects that substantially degrade gate
fidelity. To overcome this limitation, we propose an extended design featuring a third coupling point. This
configuration suppresses non-Markovian effects and enables CZ gates with average gate fidelities up to 97.7%
(assuming typical values for experimental imperfections). Our results broaden the accessible gate set for giant
atoms in structured waveguides to include both iSWAP and CZ gates, advancing these systems as a pathway toward
universal quantum simulators operating in non-Markovian environments.

DOI: 10.1103/yfm3-qmqq

I. INTRODUCTION

Universal quantum simulators are powerful tools for ex-
ploring complex open quantum many-body dynamics [1–3].
Yet, most existing quantum simulators are optimized for im-
plementing only specific two-qubit gates [3–5]. Although this
can be sufficient for realizing a universal gate set together
with single-qubit gates, it is generally desirable to have more
flexibility regarding which two-qubit gates one can imple-
ment, e.g., to reduce the depth of quantum circuits. However,
enabling such flexibility typically requires additional coupling
elements [6–19] or complicated drive schemes [15,20–24] that
limit the feasibility of building large-scale quantum simula-
tors.

Here, we explore how an extended set of two-qubit gates
can be realized using giant atoms (GAs) [25–29], which
have recently emerged as a versatile platform for scalable
universal quantum simulators that can handle open quan-
tum systems [30–33]. Unlike conventional small atoms that
interact locally, GAs couple to waveguides at multiple, spa-
tially separated points. This nonlocal coupling results in
interference-driven light-matter dynamics, giving rise to qual-
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itatively different phenomena such as frequency-dependent
decay [27,29,34,35], directional emission [36–39], tunable
interaction rates [28,29,35] between distant GAs, and much
more [25,40–72]. Among the most striking consequences
of this nonlocal coupling is the possibility of realizing
decoherence-free interactions (DFIs), where two or more
atoms exchange excitations coherently while completely
suppressing radiative decay through destructive interference
between coupling points [28,29]. These DFIs provide a nat-
ural mechanism for entangling gates without the need for
additional parametric couplers, making GAs a versatile plat-
form for quantum simulators [30–33].

Previous studies often focused on GAs coupled to contin-
uous waveguides whose dispersion can be approximated as
linear in the frequency regime where the atoms operate. In
these setups, the Markovian approximation is typically valid
and analytical treatments are tractable [30,32,33]. Addition-
ally, in such setups, iSWAP gates have been experimentally
demonstrated using superconducting qubits coupled to a mi-
crowave waveguide [29].

In contrast to continuous waveguides, structured waveg-
uides [73–75], such as coupled-cavity arrays [39,76–78] or
photonic crystals [79–81], have nonlinear dispersions with
band edges and gaps in the frequency regime where the
atoms operate. Exploring GAs coupled to structured waveg-
uides thus opens up the possibility of exploiting band-edge
effects, engineered dispersion, and strong non-Markovian
effects [46,49,53,54,82–94]. Since the Markovian approxima-
tion does not hold, such studies require keeping track of the
entire system’s dynamics and have thus mainly focused on
single-excitation dynamics, which only support iSWAP gates
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[53]. Establishing universal quantum simulators in GAs cou-
pled to structured waveguides would benefit from additional
entangling gates such as the controlled-z (CZ) gate, which
remains to be explored as it relies on dynamics in the two-
excitation sector.

In this article, we propose and analyze a protocol for
implementing a CZ gate between two GAs coupled to a struc-
tured waveguide. We begin by studying the minimal two-point
coupling configuration, which supports DFI, but suffers from
non-Markovian effects that strongly degrade the DFI. We
then demonstrate that introducing a third coupling point shifts
the decoherence-free frequencies closer to the center of the
photonic band of the structured waveguide, thereby mitigat-
ing these effects. For experimentally realistic parameters in
superconducting qubits, we show that this design yields CZ

gate fidelities up to 97.7%. These results equip GAs coupled
to structured waveguides with an extended gate set involving
both iSWAP and CZ gates, pushing these platforms for-
ward toward universal quantum simulators in non-Markovian
environments.

The rest of this article is organized as follows. In Sec. II,
we introduce the model of two three-level GAs coupled to
a structured waveguide. In Sec. III, we analyze the CZ gate
protocol, beginning with the minimal two-point configuration
and then extending to the improved three-point scheme. We
further evaluate the resulting gate fidelity and discuss experi-
mental feasibility. Finally, in Sec. IV, we summarize the main
findings and outline their broader implications.

II. MODEL AND METHOD

A. System Hamiltonian

We consider a system of two GAs coupled to a one-
dimensional structured waveguide, as shown in Fig. 1(a). The
total Hamiltonian for this system is given by

H = HA + HB + Hint, (1)

where HA describes the bare GAs, HB describes the bare
bath (i.e., the waveguide), and Hint describes the interaction
between the atoms and the bath. Since the CZ gate dynamics
in our scheme involve the |2〉 level of the qubits [see Fig. 1(b)],
we model each atom as a three-level system (h̄ = 1 here and
in the rest of the article)

HA =
2∑

m=1

[
(2ωm + αm)

σ (2),+
m σ (2),−

m

2
+ ωmσ (1),+

m σ (1),−
m

]
,

(2)
where ωm denotes the transition frequency from the ground
state to the first excited state for atom m, αm denotes the
anharmonicity of atom m, and the ladder operators are defined
as

σ ( j),+
m | j − 1〉m =

√
j| j〉m, σ ( j),−

m | j〉m =
√

j| j − 1〉m. (3)

We model the structured bath as a one-dimensional array
of N coupled cavities, with the center of the photonic band at
the frequency ωc:

HB =
N∑

n=1

ωca†
nan − J

N−1∑
n=1

(
ana†

n+1 + H.c.
)
, (4)

FIG. 1. Model and gate scheme. (a) Schematic of two giant
atoms (GAs) coupled to a one-dimensional array of coupled cavities
with nearest-neighbor hopping rate J . Each atom m is connected with
coupling strength gm j to the array at site xm j . The atoms have distinct
transition frequencies ω1(2) and anharmonicities α1(2). (b) The CZ gate
in GAs can be implemented via the pathway CZ-02 (CZ-20), which
coherently transfers the population of the |11〉 state to the |02〉 (|20〉)
state and then brings it back, accumulating a π phase shift.

where J is the coupling rate between adjacent cavities, an and
a†

n are the annihilation and creation operators, respectively, for
photons in cavity n, and H.c. denotes the Hermitian conjugate.
This Hamiltonian yields the dispersion relation

ω(k) = −2J cos k + ωc, (5)

where k is the wave number resulting in a cosine band of width
4J . As ωc is a constant, we can go to a frame rotating at that
frequency in Eq. (1) such that the first term in Eq. (4) is zero
and we redefine ωm = ωm − ωc in Eq. (2).

Under the rotating-wave approximation, the interaction
Hamiltonian between the atoms and the bath takes the form
(see Appendix A for the full derivation)

Hint = gm j

2∑
m=1

pm∑
j=1

[
σ (1),+

m axm j + σ (2),+
m axm j + H.c.

]
, (6)

where xm j denotes the position of the jth coupling point of
atom m and gm j the corresponding coupling strength. Each
atom is coupled to pm cavities in total.

B. Numerical approach to dynamics

Solving the full Hamiltonian H in Eq. (1) is computation-
ally challenging, as it acts on an infinite-dimensional Hilbert
space. However, since H conserves the total excitation number
of the atom-bath system, it can be projected onto subspaces
with a fixed number of excitations. In particular, the dynam-
ics of the iSWAP gate only involve single-excitation states,
and the problem can therefore be solved by restricting the
Hamiltonian to the single-excitation subspace. In contrast, the
dynamics of the CZ gate involve two excitations, going beyond
the single-excitation regime that is typically studied in giant-
atom systems [53]. As a result, we must numerically simulate
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the system in the two-excitation subspace. This subspace is
spanned by the states

|20〉A ⊗ |0〉B, |11〉A ⊗ |0〉B,

|02〉A ⊗ |0〉B, |10〉A ⊗ | j〉B,

|01〉A ⊗ | j〉B, |00〉A ⊗ | jk〉B, (7)

where |n1, n2〉A denotes the state of the two atoms with ex-
citation numbers n1,2 ∈ {0, 1, 2}, |0〉B is the vacuum state of
the waveguide, | j〉B represents a single photon in cavity j,
and | jk〉B corresponds to two photons in the waveguide, one
in cavity j and one in cavity k ( j = k covers the case of
two photons in one cavity). Since the photons are bosons,
we impose the symmetry condition | jk〉B = |k j〉B. Using this
basis, we project the full many-body description from the
Hamiltonian in Eq. (1) onto the two-excitation subspace and
simulate the system dynamics accordingly.

C. Computing gate fidelity

The average gate fidelity of the CZ gate F̄CZ is related to the
process fidelity FCZ by

F̄CZ = dFCZ + 1

d + 1
, (8)

where d = 4 is the Hilbert-space dimension of the computa-
tional subspace for the two-qubit CZ gate [95].

To evaluate FCZ, we first describe the state of the total
system as

|ψ〉 =
∑
m,n

αmn|m〉A ⊗ |n〉B, (9)

where |m〉A and |n〉B denote atomic and bath states, respec-
tively [see Eq. (7)]. The corresponding density matrix is

ρtot =
∑
m,n

∑
m′,n′

αmnα
∗
m′n′ |m〉A〈m′|A ⊗ |n〉B〈n′|B. (10)

Tracing out the bath degrees of freedom gives the reduced
atomic density matrix

ρA = TrB[ρtot] =
∑

m,m′,n

αmnα
∗
m′n|m〉A〈m′|A. (11)

Since the computational subspace only involves the atomic
states Bcomp = {|11〉, |10〉, |01〉, |00〉}, we are interested in the
further reduction of ρA to this subspace. We denote this fur-
ther reduced density matrix as ρ̃A; it can be computed as the
product of a matrix M with its conjugate transpose

Mmn =
{
αmn, if |m〉A ∈ Bcomp,

0, otherwise, ρ̃A = MM†, (12)

where n denotes the state in the bath |n〉B.
Using this further reduced density matrix, a process E can

be represented by its Choi matrix [96]

� =
∑

m,m′=11,10,01,00

|m〉〈m′| ⊗ E (|m〉〈m′|), (13)

where |m〉, |m′〉 runs over the computational basis states and
E (|m〉〈m′|) denotes the further reduced density matrix after

evolving the corresponding input state. The process fidelity is
then defined as [95]

FCZ =
[

Tr

(√√
� �true

√
�

)]2

, (14)

where �true is the Choi matrix of the ideal CZ gate.
We note that the computational subspace contains states

from the zero-, one-, and two-excitation sectors. The evolution
of the single-excitation states |10〉 and |01〉 is obtained from
standard single-excitation simulations [53], while the zero-
excitation state |00〉 remains unchanged under the dynamics.
Together with the two-excitation dynamics of |11〉, this fully
determines the evolution of initial states from the computa-
tional subspace.

III. CONTROLLED-Z GATE

We now investigate how a CZ gate can be implemented
using GAs coupled to a structured waveguide. The CZ gate ap-
plies a phase shift of π to the |11〉 state of a two-qubit system
while leaving all other basis states unchanged. In our system,
this operation can be achieved by coherently transferring the
population of the |11〉 state to |02〉 or |20〉 and then bringing
it back [97]; see Fig. 1(b). This process requires a resonant
transition between these states. In our setup, we realize this
resonance by setting ω2 = ω1 + α1, which enables a resonant
coupling between |11〉 and |20〉.

To prevent radiative decay during the evolution, we require
that transitions at both ω1 and ω1 + α1 must be decoherence-
free. Thus, implementing the CZ gate requires at least two
decoherence-free frequencies within the photonic band. For
a GA with coupling points x j and coupling strengths g j , the
decoherence-free condition arises from destructive interfer-
ence [27] ∑

j

g j exp(ikDFx j ) = 0, (15)

where kDF is a wave number that fulfills this equation.

A. Minimal two-point implementation

The most straightforward configuration that enables ful-
filling all the above conditions involves two coupling points
separated by 	x and uniform coupling strength, as shown in
Fig. 2(a). In this case, Eq. (15) reduces to

1 + eikDF	x = 0 ⇒ kDF = π + 2nπ

	x
, n ∈ N. (16)

Using the dispersion relation from Eq. (5), we obtain the
corresponding decoherence-free frequencies

ωDF = −2J cos

(
π + 2nπ

	x

)
, n ∈ N. (17)

To obtain two distinct DF frequencies within the band, we
require 	x � 3. However, for 	x = 3, one of the DF fre-
quencies is located at the band edge (ωDF = 2J), where strong
non-Markovian effects dominate [53]. We therefore choose
	x = 4, yielding DF frequencies at ωDF = ±√

2J , as shown
in Fig. 2(b).
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FIG. 2. Setup and results for performing a CZ gate between GAs
with two coupling points each. (a) Schematic of the GA-based setup
with two coupling points to perform a CZ gate. (b) Bath dispersion
relation and the decoherence-free frequencies for 	x = 4 (ωDF/J =
±√

2) and 	x = 16 (ωDF/J = ±0.39) shown with circles and tri-
angles, respectively. (c) Energy-level diagram of the two GAs for
settings enabling the CZ gate. (d) Dynamics in the decoherence-
free regime, with parameters N = 100, g/J = 0.175, ω1/J = √

2,
ω2/J = −√

2, α1/J = −2
√

2, and α2/J = −3. (e) Same as in (d),
but with increased separation 	x = 16 and parameters ω1/J = 0.39,
ω2/J = −0.39, α1/J = −0.78, and α2/J = −1.

To perform the CZ gate, the level spacings of the two GAs
need to satisfy ω1 + α1 = ω2 [Fig. 2(c)] and that both ω1 and
ω2 are decoherence-free. These conditions are satisfied for
	x = 4 with ω1/J = √

2, ω2/J = −√
2, and α1/J = −2

√
2.

The parameter α2 does not qualitatively influence the dynam-
ics; we set α2/J = −3 to have it similar to the anharmonicity
of atom 1.

The dynamics with the system configured thus and initial-
ized in |11〉A is shown in Fig. 2(d). The populations of the |20〉
and |11〉 states are computed as

n(20)(t ) = 1

2
〈ψ (t )|σ (2),+

1 σ
(1),+
1 σ

(1),−
1 σ

(2),−
1 |ψ (t )〉, (18)

n(11)(t ) = 〈ψ (t )|σ (1),+
2 σ

(1),+
1 σ

(1),−
1 σ

(1),−
2 |ψ (t )〉, (19)

where |ψ (t )〉 is the state at time t . Although this setup
formally satisfies the DF condition, the DF frequencies lie
far from the band center, leading to strong non-Markovian
effects [53].

The first consequence of non-Markovianity is leakage of
excitations into the waveguide before the DFI is established.
Since the group velocity vg is maximal at the band center and
decreases towards the band edge, the propagation delay τ =
	x/vg increases as the atomic frequency approaches the band
edge. As a result, the DFI is not established instantaneously,
and part of the atomic excitation decays during this delay time.

The second consequence of non-Markovianity is a slower
leakage of excitations into the waveguide even after the DFI
has been established. Atoms tuned close to the band edge
hybridize strongly with photonic bound states, which in turn
hybridize with the continuum of propagating modes. This
leads to a gradual loss of excitation from the atomic subsystem
and a corresponding decay of the DFI.

As a result, population decays rapidly, the DFI breaks
down, and the two-point configuration fails to support a high-
fidelity CZ gate. We note that the failure of the two-point
coupling configuration with large 	x to support high-fidelity
population transfer is already present in the single-excitation
sector (see Appendix B). Therefore, the poor performance ob-
served in the two-excitation sector is not unique to the CZ-gate
protocol, but rather originates from the same non-Markovian
effects that already degrade the single-excitation dynamics.

A natural way to address this issue is to increase the
separation 	x, which shifts the DF frequencies closer to the
band center. For example, 	x = 16 yields ωDF/J = ±0.39,
as shown in Fig. 2(b). However, as shown in Fig. 2(e), this
strategy does not improve performance: the larger separa-
tion introduces a significant time delay for photons traveling
between coupling points, enhancing non-Markovian effects
leading to significant population loss into the waveguide.

B. Improvement with a three-point implementation

To overcome the limitations of the two-point configuration,
we introduce a third coupling point placed in the middle
between the original two, with a relative coupling strength ζ ,
as shown in Fig. 3(a). From here on, we use 	x to denote the
distance between the middle coupling point and each of the
outer coupling points, such that the distance between the outer
coupling points is 2	x. In this setup, the decoherence-free
condition in Eq. (15) is modified to

1 + ζeikDF	x + e2ikDF	x = 0. (20)

The corresponding decoherence-free wave vectors are

kDF = arccos
( − ζ

2

) + 2nπ

	x
, n ∈ N, (21)

with associated frequencies

ωDF = −2J cos

[
arccos

( − ζ

2

) + 2nπ

	x

]
, n ∈ N. (22)

The dependence of ωDF on ζ for 	x = 2 is shown in
Fig. 3(b). As ζ increases, the DF frequencies shift progres-
sively toward the center of the photonic band. At ζ = 2, when
the coupling strength in the middle coupling point equals the
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FIG. 3. Setup and results for performing a CZ gate between GAs
with three coupling points each. (a) Schematic of the GA-based
setup with three coupling points to perform a CZ gate, with 	x = 2
between adjacent coupling points. Compared to Fig. 2(a), a third,
central coupling point with coupling strength ζg is added. This con-
figuration yields two decoherence-free (DF) frequencies for 0 � ζ <

2. (b) Decoherence-free frequencies as a function of ζ , showing that
the two frequencies merge at ζ = 2 with the band of propagating fre-
quencies between [−2, 2] shown in light green. (c) Dynamics in the
DFI regime for N = 100, 	x = 2, g/J = 0.1, and ζ = 1, yielding
DF frequencies ωDF/J = ±1. The frequencies and anharmonicities
of the GAs are chosen to fit in the CZ-gate configuration: ω1/J = 1,
ω2/J = −0.98, α1/J = −2, and α2/J = −1.52. (d) Same as (c),
but with ζ = 1.5, giving DF frequencies ωDF/J = ±0.71. Here, we
take parameters ω1/J = 0.71, ω2/J = −0.69, α1/J = −1.42, and
α2/J = −1.31. (e) Same as (c) and (d), but with ζ = 1.97, result-
ing in DF frequencies ωDF/J = ±0.17. Here, we take parameters
ω1/J = 0.17, ω2/J = −0.17, α1/J = −0.34, and α2/J = −0.67.

sum of the coupling strengths in the outer coupling points, the
two solutions merge at ωDF = 0.

The dynamics for this configuration are illustrated in
Figs. 3(c)–3(e) for three successively increasing values of ζ

matched to the decoherence-free conditions required for the
CZ gate. We have chosen N = 100 cavities, for which finite-
size effects are already negligible (see Appendix C). As ζ

increases, the quality of the DFI improves: after a full cycle,
a larger fraction of the population returns to |11〉, which is es-
sential for high-fidelity CZ gate operation. This enhancement

FIG. 4. Process fidelity FCZ of CZ gates performed with the setup
in Fig. 3(a). (a) Process fidelity as a function of time t for the same
parameters as in Fig. 3(e). (b) Same as (a), but with a smaller g =
0.05J . (c) The best process fidelity of CZ gates, FCZ,max, for different
values of g, considering realistic qubit and cavity decay rates of �q =
1.6 × 10−5J and �c = 8 × 10−5J . (d) The gate time τ required for
the best CZ gate in (c).

stems from the suppression of non-Markovian effects since
the relevant DF frequencies are brought closer to the band
center.

We note that the |1〉 → |0〉 transition of atom 2 is also
off-resonantly coupled to the |1〉 → |0〉 transition in atom 1.
As a consequence, to obtain a coherent population exchange
between the atoms, ω2 needs to deviate slightly from ω1 + α1

to take into account the Lamb shift [98] resulting from this
coupling; hence the parameter choices in Figs. 3(c) and 3(d).
We also note that the gate dynamics become faster for larger ζ ,
as a consequence of the increased effective coupling between
the atom and the waveguide.

Finally, we note that introducing additional coupling
points could provide further flexibility in engineering
the decoherence-free frequencies. This additional flexibility
would have to be weighed against both the increase in the
complexity of the experimental implementation and the draw-
back that the distance between the outermost coupling points
would be increased, thereby making non-Markovian effects
stronger again. More coupling points become particularly rel-
evant when one wishes to realize protocols requiring more
than two decoherence-free frequencies [32,33].

C. Gate fidelity

Having analyzed the improved setup for performing a CZ

gate with GAs in Fig. 3, we now compute the corresponding
gate fidelity, as described in Sec. II C. The process fidelity FCZ

during the time evolution is shown in Fig. 4(a) for the param-
eters from Fig. 3(e). A maximum process fidelity of 94.2%
is achieved at tJ = 74.0, corresponding to the time at which
the population is transferred from |11〉 to |20〉 and back. The
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corresponding average gate fidelity is F̄CZ ≈ 95.4%. For ideal
qubits and cavities, the fidelity can be further improved by
reducing the coupling strength g. For example, choosing g =
0.05J increases the process fidelity to FCZ ≈ 97.6%, reached
at tJ = 296.8 [Fig. 4(b)]. We note that the main oscillation
in Fig. 4(b) corresponds to the population transfer |11〉 →
|20〉 → −|11〉 that implements the CZ gate. The smaller oscil-
lations and secondary peaks originate from a high-frequency
phase oscillation within the computational subspace.

In realistic scenarios, where qubits and cavities exhibit
intrinsic decay, a comprehensive optimization of the coupling
strength g would require solving the full master equation. This
significantly increases the computational cost, as the Liouvil-
lian superoperator scales with the square of the Hilbert-space
dimension [99]. To make the problem tractable, we in-
stead analyze decay effects using the following effective
non-Hermitian Hamiltonian, obtained by neglecting quantum
jumps and collective decay processes

Heff = H − i�q

2

2∑
m=1

[
σ (2),+

m σ (2),−
m + σ (1),+

m σ (1),−
m

]

− i�c

2

N∑
n=1

a†
nan. (23)

Here, H denotes the ideal system Hamiltonian defined in
Eq. (1) and �q(c) is the qubit (cavity) decay rate, assumed
identical for all qubits (cavities). The higher decay rate of the
|2〉 level compared to |1〉 is incorporated through the definition
of σ (2),±

m in Eq. (3).
We now evaluate the CZ gate fidelity for experimentally

relevant parameters in superconducting circuits, where GAs
have already been demonstrated [29,34,37,39,70]. In partic-
ular, transmon qubits [100] coupled to microwave resonators
provide a promising platform for implementing our proposal.
In state-of-the-art devices, the transmon anharmonicity can be
as low as −α/2π ≈ 50 MHz [101,102], while the intercavity
coupling between microwave resonators can reach J/2π ≈
200 MHz [103], yielding a ratio −α/J ≈ 1/4. Our choice of
−α/J = 1/3 in Fig. 3(e) is therefore conservative. Further-
more, a coupling strength of g/2π = 0.05J/2π ≈ 10 MHz is
well within the reach of current superconducting circuit tech-
nology [29,39]. The required strength of the central coupling
point with 0 � ζ < 2 is modest and experimentally accessi-
ble [29,39]. A conservative estimation of typical decay rates
for transmons and microwave resonators are �q = 0.02 MHz
and �c = 0.1 MHz, respectively (for resonators operating at
5 GHz; even lower rates are achievable at smaller resonator
frequencies) [104–112]. For J/2π = 200 MHz, these values
correspond to �q = 1.6 × 10−5J and �c = 8 × 10−5J , which
we adopt in our analysis.

For different values of g, the optimal process fidelity
FCZ,max and the corresponding gate time τ are shown in
Figs. 4(c) and 4(d). For large g, the gate time τ is short, and
decoherence from qubits and cavities does not constitute the
primary limitation to fidelity [113,114]. In contrast, for small
g, the increased gate time makes intrinsic decay the dominant
source of infidelity. Consequently, the optimal performance
is obtained at g = 0.05J with gate time τ = 297/J ≈ 236 ns,
yielding a process fidelity of FCZ ≈ 97.1%, corresponding to

an average gate fidelity of F̄CZ ≈ 97.7%. We note that since
quantum jumps introduce additional decoherence and leak-
age, neglecting them by using the non-Hermitian Hamiltonian
in Eq. (23) generally leads to a slight overestimation of the
gate fidelity. Therefore, the fidelities reported here should
be regarded as approximate upper bounds on the fidelities
obtained from a full master-equation treatment.

IV. CONCLUSION

We demonstrated how a controlled-z (CZ) gate can be
implemented using GAs coupled to a structured waveguide.
Starting from a minimal two-point coupling configuration,
we showed that although the required DFI can be realized,
strong non-Markovian effects significantly limit the achiev-
able gate fidelity. To address this limitation, we proposed
an extended configuration that includes a third, intermediate
coupling point. This modification shifts the decoherence-free
frequencies closer to the center of the photonic band, thereby
mitigating non-Markovian effects. With this design, we can
achieve CZ gates with average gate fidelities up to 97.7% when
including realistic imperfections like typical resonator and
transmon decay rates; remaining non-Markovian effects from
spacing between coupling points also contribute to reducing
the gate fidelity.

Beyond the specific case of the CZ gate, our results estab-
lish a general strategy for engineering multiphoton processes
in structured waveguide QED by tailoring interference con-
ditions through multipoint coupling. This approach opens
possibilities for realizing other entangling operations, exploit-
ing strongly correlated photonic dynamics, and extending gate
protocols to larger networks of GAs. Moreover, the protocol
is compatible with state-of-the-art superconducting circuits,
where transmon coherence times are orders of magnitude
longer than the gate duration, suggesting that experimental
realization is within reach.

Looking ahead, our findings point toward several promis-
ing directions. One is the integration of multiple GAs in
extended resonator arrays, enabling scalable architectures for
quantum computation and simulation, such as passive-leakage
reset for high-fidelity gates [115]. Another is the exploration
of richer structured environments, such as topological or chi-
ral waveguides, where decoherence-free conditions could be
further stabilized, or new types of protected interactions could
emerge. More broadly, the interplay between photon-photon
interactions [116], engineered dispersion, and non-Markovian
dynamics in these systems defines a fertile platform for ad-
vancing fundamental studies of open quantum systems.
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APPENDIX A: ROTATING-WAVE APPROXIMATION

Before applying the rotating-wave approximation (RWA)
to arrive at Eq. (6), the interaction between the giant atoms
and the waveguide is described by

H full
int =

2∑
m=1

pm∑
j=1

gm j
(
σ (1),+

m + σ (2),+
m + H.c.

)(
axm j + a†

xm j

)
,

(A1)
where the notation is defined after Eq. (6) in the main text.
The free Hamiltonian is

H0 = HA + HB. (A2)

The evolution of a state |ψ (t )〉 for the giant atoms and the
waveguide is governed by the Schrödinger equation

i
d

dt
|ψ (t )〉 = (

H0 + H full
int

)|ψ (t )〉. (A3)

It is convenient to move to the interaction picture, where the
state vector is defined as

|ψI (t )〉 = eiH0t |ψ (t )〉. (A4)

The dynamics in this picture are governed by the interaction
Hamiltonian

HI (t ) = eiH0t H full
int e−iH0t (A5)

and the corresponding evolution operator

UI (t ) = T exp

[
− i

∫ t

0
HI (t ′)dt ′

]
, (A6)

where T denotes the time-ordering operator. The interaction-
picture state therefore evolves as

|ψI (t )〉 = UI (t )|ψI (0)〉. (A7)

The advantage of the interaction picture is that it separates
the rapid oscillations generated by the free Hamiltonian from
the slower interaction dynamics. Terms in HI (t ) that oscillate
slowly contribute coherently to the time integral and therefore
strongly affect the evolution. In contrast, rapidly oscillating
terms tend to average out and contribute only weakly. For the
atomic operators, we obtain

eiH0tσ (1),+
m e−iH0t =eiωmtσ (1),+

m ,

eiH0tσ (2),+
m e−iH0t =ei(ωm+αm )tσ (2),+

m , (A8)

with the Hermitian conjugates acquiring the opposite phases.
Similarly, for the waveguide modes

eiH0t ake−iH0t = e−iωkt ak, (A9)

and

eiH0t a†
ke−iH0t = eiωkt a†

k . (A10)

The excitation-conserving terms therefore acquire phases

eiH0tσ (1),+
m ake−iH0t = ei(ωm−ωk )tσ (1),+

m ak,

eiH0tσ (1),−
m a†

ke−iH0t = e−i(ωm−ωk )tσ (1),−
m a†

k, (A11)

and similarly for the σ (2),±
m terms. Near resonance, ωm ≈ ωk

(or ωm + αm ≈ ωk), these terms oscillate slowly and therefore
accumulate coherently in the evolution operator.

In contrast, the counterrotating terms acquire phases

eiH0tσ (1),+
m a†

ke−iH0t = ei(ωm+ωk )tσ (1),+
m a†

k,

eiH0tσ (1),−
m ake−iH0t = e−i(ωm+ωk )tσ (1),−

m ak, (A12)

and similarly for the σ (2),±
m terms. Their contribution to the

evolution operator is proportional to

g
∫ t

0
ei(ωm+ωk )t ′

dt ′ = g
ei(ωm+ωk )t − 1

i(ωm + ωk )
, (A13)

whose magnitude is bounded by

∣∣∣∣g
∫ t

0
ei(ωm+ωk )t ′

dt ′
∣∣∣∣ � 2g

ωm + ωk
. (A14)

Therefore, when

g � ωm, ωk, (A15)

the effect of the counterrotating terms is suppressed by the
small parameter g/(ωm + ωk ) and can be neglected within the
RWA. Retaining only the excitation-conserving terms yields

Hint =
2∑

m=1

pm∑
j=1

gm j
[
σ (1),+

m axm j + σ (2),+
m axm j + H.c.

]
, (A16)

which is Eq. (6) in the main text.

APPENDIX B: NON-MARKOVIAN EFFECTS
IN THE SINGLE-EXCITATION SECTOR

In this appendix, we show that the non-Markovian ef-
fects degrading the DFI in Fig. 2(d) are already present
in the single-excitation sector. We also show that the miti-
gation strategy of adding a third coupling point, as in the
two-excitation sector in Figs. 3(c)–3(e), works in the single-
excitation sector as well.

Figure 5(a) shows the dynamics in the single-excitation
sector for two GAs with two coupling points each. Here, we
see that the excitation exchange between |10〉 and |01〉 at a
supposedly decoherence-free frequency is strongly degraded
by non-Markovian effects. This is the same behavior as we
observed in the two-excitation sector [Fig. 2(d)], indicating
that the reduced CZ-gate fidelity is not a phenomenon unique
to the two-excitation manifold.

As shown in Fig. 5(b), the addition of a third coupling point
substantially improves (in the sense of reducing leakage) the
single-excitation dynamics by shifting the decoherence-free
frequencies closer to the band center. The same strategy is em-
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FIG. 5. Non-Markovian effects in the single-excitation sector. (a)
Dynamics in the DFI regime for two GAs with two coupling points
each and a single excitation. Parameters: N = 100, g/J = 0.175,
ω1/J = √

2, and ω2/J = √
2. (b) Dynamics in the DFI regime for for

two GAs with three coupling points each and a single excitation. Pa-
rameters: N = 100, 	x = 2, g/J = 0.1, and ζ = 1.97, yielding DF
frequencies ωDF/J = ±0.71. The frequencies and anharmonicities of
the GAs are chosen to fit in the CZ-gate configuration: ω1/J = 0.71,
ω2/J = 0.71.

ployed in Figs. 3(c)–3(e) for the two-excitation sector, where
it similarly suppressed non-Markovian effects and enhanced
the gate fidelity. These results indicate that the trends in the
single- and two-excitation sectors are consistent and that they
are governed by the same underlying mechanisms.

APPENDIX C: FINITE-SIZE EFFECTS

To verify that our results are not affected by finite-size
effects, we repeated the simulation from Fig. 3(e) for different
waveguide lengths. As shown in Fig. 6(a), the gate dynam-
ics for N = 50 are nearly indistinguishable from the case of
N = 100 in Fig. 3(e), indicating that increasing the waveg-
uide size does not lead to any noticeable difference in the
gate performance. In contrast, for a much smaller waveguide
with N = 10, pronounced oscillations appear in the dynamics
[Fig. 6(b)], indicating significant finite-size effects. These re-
sults demonstrate that the waveguide sizes used in the article
are sufficient to accurately capture the gate dynamics.

FIG. 6. Dynamics in the DFI regime for the same parameters as
in Fig. 3(e), but with different waveguide lengths. In Fig. 3(e), N =
100 cavities wae used in the numerical simulations. Here, we use (a)
N = 50 and (b) N = 10.
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