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Simulating the dynamics of open quantum systems is essential in achieving practical quantum
computation and understanding novel nonequilibrium behaviors. However, quantum simulation of a
many-body system coupled to an engineered reservoir has yet to be fully explored in present-day
experiment platforms. In this work, we introduce engineered noise into a one-dimensional ten-qubit
superconducting quantum processor to emulate a generic many-body open quantum system. Our
approach originates from the stochastic unravellings of the master equation. By measuring the end-
to-end correlation, we identify multiple steady states stemmed from a strong symmetry, which is
established on the modified Hamiltonian via Floquet engineering. Furthermore, we investigate the
structure of the steady-state manifold by preparing initial states as a superposition of states within
different sectors on a five-qubit chain. Our work provides a manageable and hardware-efficient

strategy for the open-system quantum simulation.

The interplay between coherent and dissipative dynamics within a physical
system leads to the emergence of exotic nonequilibrium phenomena, such as
dissipation phase transition'” and dissipative time crystals®”. While an
open system typically exhibits a single steady state, prior studies have
demonstrated that multiple steady states are possible if there are symmetries
preserved by the dissipation'*"*. Such remained symmetries also enable
control over nonequilirbrium quantum transport'". Furthermore, the
multiple steady states can span a stabilized manifold, which has significant
applications in passive quantum error correction, crucial for quantum
information processing'**’. However, attaining multiple steady states
generally requires sophisticated dissipative channels in most existing
models, necessitating special experimental configurations. Recently, theo-
retical investigations have unveiled that systems with only one-photon
pump and loss can also manifest multiple steady states’*. This finding
motivates us to experimentally observe this phenomenon using near-term
quantum simulation platforms.

Superconducting circuits, owing to their high flexibility and scalability,
have achieved notable success in the simulation of quantum many-body
systems, including many-body localization’, quantum many-body scar
states”, discrete-time crystals™, information scrambling”, and entangle-
ment phase transition’’. Most of the existing works are restricted to closed

systems. To simulate an open system, previous research has employed two
distinct approaches. The first method embeds the system into a larger closed
system where the complement acts as the environment, resulting in a
substantial increase in the overhead of qubits and gates’ . The second
approach integrates lossy components into customized circuits to introduce
dissipation intentionally* . However, the dissipation strength and position
of the lossy components often lack tunability, and this approach deviates
from the long-term goal of developing highly coherent devices capable of
universal quantum computation. Therefore, an efficient method to simulate
dissipative dynamics using a universal quantum processor is highly
desirable.

Here, we report our experiment in probing multiple steady states
induced by a strong symmetry on a one-dimensional superconducting
quantum processor with nine qubits, as shown in Fig. 1. Each qubit used in
the experiment is labeled by Q; with i € {1,2, ..., 9}, and can be addressed by
individual control lines. Based on the interpretation of open quantum
dynamics in terms of stochastic wave functions, we engineer a stochastic
Hamiltonian to mimic the evolution featuring controllable dissipation by
averaging over a set of unitary evolutions. The dissipation is applied to the
central qubit to generate multiple steady states™”’. Our protocol can be
efficiently extended to multiple dissipations on the current noisy
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Fig. 1 | Spin chain with a local dissipation and device. a An array of nine qubits
with nearest-neighbor couplings. The dissipation on the center qubit impels the
system to steady states with long-range coherence. b Optical picture of the ten-qubit
superconducting quantum processor with highlighting circuit elements. Qubits
(pink) are labeled from Q; to Qy and can be controlled by individual microwave
signals through the red and blue lines. Scale bar in the lower left corner, 0.2 mm.

intermediate-scale quantum devices without the need for ancillary qubits or
lossy elements. We also incorporate the Floquet engineering to mitigate the
undesired next-nearest-neighbor (NNN) couplings and modify nearest-
neighbor (NN) coupling strengths to preserve the symmetry*™. By initi-
alizing the system in distinct symmetry sectors with high-fidelity gates, we
show that the system evolves to different steady states specified by the end-
to-end correlation. Our results demonstrate that superconducting circuits
are a promising platform to explore exotic properties of open many-body
systems benefiting from their high flexibility and manipulability.

Results

Engineered dissipation

We start with the simulation of the following Lindblad master equation
(LME) of a single qubit'*",

p = Z;LjPLT __{LT ]7P}7 (1)
j=1,

where p is the density matrix of the qubit, L, = /y 0% = /7 [e) (gland
Ly=/y o
9.+ (y-) being the pump (loss) rate, and | g> (le)) is the ground (excited) state
of qubit. Here, we sety, =y_ = y. A more general case (y_ > y.,) is discussed
in Supplementary Note 4. Now Eq. (1) can be rewritten as
p =1 (c*po* + 0”po? — 2p), which reminds us of that p is the ensemble

= /7_lg) (€| are pump and loss operators, respectively, with

average of stochastic wave function |y/), i.e., p = |y ) (|, with the overline
denoting the average over stochastic realizations"*. The stochastic wave
function |y) is governed by the following stochastic Schrodinger equation
(SSE) with =1

d
i V) = HsOly) = @[ew +L0y), @

where &,(¢) and &,(t) are two independent real Gaussian processes satistying
E(DEp(t)) = 8,40(t — ') and &, = 0 for o, B =1, 2.

Although Hg(#) is a Hermitian Hamiltonian, the faithful generation of
ideal Gaussian processes in Eq. (2) is infeasible in experiments due to the
finite bandwidth of arbitrary wave generators. Inspired by the numerical
techniques of differential equations, we adopt Euler’s method to simulate

Eq. (2) by slicing each trajectory into N sections divided by time intervals of a
small duration At. The evolution of the wave function in the ith section

ly(1)) is given by

d . ,
i (0) = |5 o + Ty (o), )

with the initial condition |y,(0)) = |y,_,(At)), where 7} and 7} are two
random variables following a discrete distribution P72y = 1) = P(1j12) =
—1)= 1/2. We mention that while Eq. (3) is not strictly equivalent to
Eq. (2), it can approximate Eq. (2) within each segment by neglecting
high-order infinitesimal terms (see Methods). By sampling 2N variables
(.. ¥ n, ... 7)), we can determine a trajectory and apply
corresponding driving pulses to the target qubit, as described in Eq. (3).
Note that the amplitude of pulses are kept fixed while the phase in each
section is uniformly chosen from {n/4, 37/4, 57/4, 7n/4}. The mapping
between the amplitude of the driving pulse and y can be calibrated via the
Rabi oscillation, where we apply a rectangular driving pulse to the qubit
initialized as |g), and measure the excitation probability P, versus the
driving pulse length T, as shown in Fig. 2a. After samplingM trajectories, the
dynamics of an observable O can be estimated by Z 2 w101y /M

where |y is the jth trajectory.

We verify our scheme on qubit Qs by measuring the evolution of
0% = le){e| — |g> <g| from two initial states |g> and |e) with At =7.5ns,
y=0.4 MHz, and M = 100, as illustrated in Fig. 2b. The results are presented
in Fig. 2c and compared with numerical results calculated by LME and SSE.
We find that the experiment results are in good agreements with simulations
in a duration of 2.5 us, and converge to a steady state p in which (¢") =0
irrespective of the initial states chosen.

Strong symmetry and Floquet engineering

We have demonstrated the experimental realization of dissipative
dynamics with equal pump and loss rates on a single qubit, where the
steady state is a thermal state (|0) (0] + |1)(1])/2. However, when the same
dissipation is applied to the center spin of an XX chain with reflection
symmetry, the combination of the Hamiltonian and dissipation gives rise
to multiple long-range steady states within the chain***’. The Hamiltonian
part reads

L-1

H= Z]i,iJrl(O'?—ai_-H +o;708), 4)

i=1

where L is the length of the chain, o7 (6;") is pump (loss) operator at site i,
and J;;; is the nearest-neighbor (NN) interaction strength with J;;,; =
Ji—ir+1—i- Considering the dissipation at the center spin, the dynamics of the
entire chain’s density matrix p is governed by the following Lindblad master
equation

p = L(p) = —ilH, p] + y(0,p0,, — 3{0,,0%. p}

+0,p0, —3{04,0,,,p}) ©
where m = (L + 1)/2 is the index of the center spin and L is the super-
operator corresponding to the dissipative process.

The emergence of multiple steady states is rooted in a hidden symmetry
associated with the operator C*, which confines the dynamlcs within distinct
symmetry sectors. The operator C = —1/2 4+ Y¢_, fi [ Le1—x Wheref, =

emzf<k i % 0, represents the fermionic operator at site k derived
via the Jordan-Wigner transformation®. Since [H, C] = 0 and
0-C = Co}™) = —C, both the Hamiltonian and the jump operators
commute with C’, generating a strong symmetry. In closed quantum sys-
tems, symmetries decouple the dynamics into independent subspaces, and
similarly, in open quantum systems, this strong symmetry ensures that the
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Fig. 2 | Simulation of the Lindblad master equation Eq. (1). a The Rabi oscillation
for calibrating the driving pulse amplitude. The qubit is initialized in the | g> state,
and we measure the probability of the [e) state oscillating over the driving time at
different driving amplitudes. b A schematic of the driving pulse sequences for M
trajectories. The driving amplitude during each At is randomly sampled from two
discrete values for each trajectory. ¢ The evolutions of (¢*) in the experiment after
100 repetitions, governed by the Lindblad master equation, and simulated by the
stochastic Schrédinger equation. The upper (lower) branch of evolution corre-
sponds to the initial state |e) (|g)). The shaded light blue region represents the
standard error of the mean over trajectories in the experiment.

eigenspaces of C* evolve independently, guaranteeing at least one steady
state within each sector'”.

The Hamiltonian of our one-dimensional processor shown in Fig. 1bis
given by

9 8
He, = 2} —%Uf + _X;(]i,i+1ai+o'i:—1 +he)
= =

? (6)
+ 30,4207 071, +hoc),
=1

where w; represents the transition frequency between the |g) and |e) states
of qubit Q; and coupling terms describe the interactions between NN or

NNN qubits. The aforementioned symmetry is broken by the inclusion of
the NNN interaction term, despite the NNN interactions strength J;;  »/2m
~] MHz in our device being an order of magnitude smaller than the NN
interaction strength J;;1/2m ~10 MHz. The NNN interactions can be
suppressed via Floquet engineering as illustrated in Fig. 3a*~*. The transi-
tion frequencies of the qubits are adjustable by applying external magnetic
fluxes. For the nine qubits, the transition frequencies w;/27 are set to three
distinct values: 4.33, 4.54, and 4.66 GHz. This frequency alignment effec-
tively turns off the NNN interactions (indicated by the red dashed lines in
Fig. 3a) between qubit pairs Q;-Qs, Q3-Qs, Qs-Q7, and Q,-Qy through large
frequency detuning. Then we apply sinusoidal ac magnetic fluxes to mod-
ulate the frequencies of Q,, Q4 Qs, and Qg as @;(t) = w; + ¢; sin(v;t + ¢,)
for i = 2, 4, 6 and 8, with ¢, v;, and ¢; being the modulation amplitude,
frequency, and phase, respectively (see Supplementary Note 5). We also
apply amended DC pulses to the modulated qubits to compensate the shifts
of the frequency, arising from the nonlinearity of the relationship between
flux and frequency. When the modulation frequency v; is far larger than the
NN interaction strength J; ;, 1, the rapid oscillation induces a set of sidebands
w; + mv;, where m is an integer. To initiate the interactions between adjacent
qubits with distinct frequencies, the modulation frequencies v; are equal to
the frequency detuning A/27 = |w; — w;1|/2m =210 MHz or |w; — w;_+|/27
=330 MHz. The modulation amplitudes ¢; are tuned to rectify the minor
coupling disorder in the processor, ensuring that the NN interaction
strengths remain primarily symmetric. The first sidebands of Q, (Qs) and
Q4 (Qg) coincide, but the resulting NNN interaction is weak enough to allow
for the observation of different multiple steady states (see Methods and
Supplementary Note 6). The remaining NNN interaction between Q4 and
Qs retains the symmetry as both qubits are equidistant from Qs™.

Preparation of initial states in different symmetry sectors

To observe the different steady states, the initial state must be prepared
within the diverse eigenspaces of (o The eigenstate of C is expressed as
s smol) = (F) " TThey TTie s (af ) 10) with eigenvalue A= Y,
(Vkr — Vi) + ng — 1/2, where [0) is the vacuum state, a;, , =
(e tf 1)/ v2, 1= (L — 1)/2,and v €{0, 1} for k=1,..., . ny denotes
the number of excitations at the central site, taking values of either 0
or 1, and v, quantifies the number of Bell pairs resembling (|01) +
5|10))/+/2 generated by a;z,s at sites k and L + 1 — k. Consequently, A can
adopt 2(I + 1) distinct values { + (1 + 1/2)} with# =0, 1, ..., L. C* shares the
same eigenstates with C but possesses (I + 1) distinguishable eigenvalues
(7 + 1/2)>. Considering the degeneracy of eigenvalues, it is available to
traverse all eigenspaces of C* by increasing v, from 0 to I with ny =0
and v, =0 for k =1, ..., I. Hence, by defining Bell state creating
operators between qubits Q;_x.; and Qp_j. denoted as b; L=
(07 41 £07_ 1)/ /2 for k=1, ..., I, we can generate (I + 1) states {|¢,7>}
belonging to distinct symmetry sectors

19) = @lgj} 19,)

"
b pldo) n=1....1, (@)

k=1

where |g;) is the ground state of Q;. Exploiting the circuit shown in Fig. 3b,
we implement |¢, ) with state fidelity more than 99.9% characterized by the
quantum state tomography in our processor”’. The R,(6) gate in the circuit is
defined as R,(0) = exp(—io“0/ L2) to tune the phase of Bell state |‘I’((p)> =
%(lethﬁ + €%1g), €11,)) ®u111,18)) as ¢ = 0 or ¢ =, corresponding
to symmetry sectors 77 = 0 or 7 = 1, respectively. We also implement |¢, ) and
;) by repeating generating Bell states with staggered phases through the
same circuit and iSWAP gates (see Supplementary Note 3).

Figure 3c shows the single excitation density distribution (n;) =
1+ (ajz)) /2 launched from |¢1> under the periodic driving, where two
excitations propagate towards two opposite directions with the same velo-
city due to the reflection symmetry, and swing between the boundary qubit
and the center qubit Qs. The occupation number of the center qubit is
always nearly zero because of the destructive interference of two excitations,
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Fig. 3 | Floquet engineering and the evolution of a pair of Bell state in a 1D array
with nine qubits. a Transition frequencies and flux modulations of nine qubits. Blue
circles represent the transition frequencies of nine qubits, while orange or purple
circles of qubits Q,, Q4, Qs, and Qg denote the first sideband frequencies induced by
the ac fluxes. The red dashed lines with crosses represent the suppressed next-
nearest-neighbor interactions under this specific frequency arrangement since the
frequency detuning is far larger than the interaction strength (see Methods and
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Supplementary Note 6). b The digital circuit prepares a Bell state between Q4 and Q.
First, an X, gate flips Qs to the |e) state. A v/iSWAP gate then entangles Q, and Qs to
create a Bell pair. The subsequent iSWAP gate transfers the Bell state from Qs to Q.
Finally, an R,(0) gate is applied to fine-tune the phase of the Bell state. ¢, d The time
evolution of the density distribution (#;) with Floquet engineering. The initial state is
a Bell state between Q4 and Qg with Bell phase ¢ =7 or ¢ =0.

which can also be understood by the fact that the state with 1, = 1 belonging
to the symmetry sector # = 0 is excluded from the eigenspace of symmetry
sector 7 = 1. On the contrary, when the phase of the initial Bell state is zero,
two excitations are almost confined between Q, and Qg in Fig. 3d, which
arises from the non-uniform effective interaction strengths between NN
qubits. This phenomenon additionally facilitates the calibration of both the
Bell state phase and the modulation phase ¢; in the experiment (see Sup-
plementary Note 9).

Characterization of multiple steady states

Now, we examine the dynamics of the system in the presence of dissipation
where y =3 MHz, specifically applied to Qs in the following context. Following
the preparation of initial states using the circuit shown in Fig. 3b, we rearrange
all qubits, activate ac magnetic fluxes, and introduce engineered noises to qubit
Qs. Then, we track the evolution of the end-to-end correlation (0507) from
three initial states by performing joint readouts of the qubits located at the ends
of the nine-qubit chain, as shown in Fig. 4a, where we sample ten trajectories
for each evolution. For the initial states |¢0> and |‘I’(0)>, which hold different
numbers of excitation but belong to the same sector 17 = 0, (0507 ) tends to the
steady value (050%)% = 1/L, or 1/9 for L =9", indicated by the upper gray
dashed line in the Fig. 4a. For the other initial state |‘I’(7'r)> in the sector y =1,
(0%0%,) tends to the steady value (050%)} = (I—4)/LI, or 0 for L=9"
indicated by the lower gray dashed line. The experimental results are con-
sistent with the numerical simulations involving the energy relaxation time T;
= 30 s and Ramsey dephasing time T = 20 s for each qubit. In Fig. 4b, we
show the numerical results simulated with the Hamiltonian built from the
original device parameters without Floquet engineering. All three lines rapidly
converge to zero owing to the vanishing of the symmetry.

Finally, we explore the structure of degenerate steady states using 5
qubits {Q3, Q4 Qs, Qs, Q;} with the other qubits being far off-resonant. The
steady value (0507 ) (¢) corresponding to the initial state |¥(¢)) on a five-
qubit chain is expected as cos ¢ /5, derived from the combination of (6507 ) St
and (050%)} (see Supplementary Note 11). The experimental results are
shown in Fig. 5a where we increase the initial phase ¢ from 0 to 7 in
increments 71/8 by the R,(0) gate. The evolution from the state I‘IJ(go)> tends
to a steady value between two extreme steady values (¢50%)%, and (0507}
In Fig. 5b, we collect the values of (0507 ) evaluated at t, = 1.4,1.7,and 2 ps
for different initial phases. The data collected at £, = 1.7 ys is closest to the
ideal result. Due to the accumulated decoherence errors, the end-to-end
correlations at £, = 2 pis are smaller than those at f, = 1.7 ps, but the feature of

Experiment Simulation

1.5 2
Time, t(ps)

Fig. 4 | The evolution of end-to-end correlation (% ¢ ) on a nine-qubit chain. The
shaded regions surrounding the experiment data represent the standard error of the
mean over trajectories in the experiment. a Three solid lines with circle markers
correspond to the initial state |¢, >, |‘I’(O)> ,and |‘I/(7'[)>, respectively. Dashed lines are
numerical simulations with T; = 30 pus and T = 20 ps. b Numerical simulations
using the original device parameters without Floquet engineering.

the cosine function remains. These observations demonstrate that the phase
information stored in the initial state can be preserved through the engi-
neered dissipation, and |‘~P(0)> and |\I’(7r)> constitute a pointer basis for a
classical bit'***.

Discussion

We use a discretized SSE to simulate a class of LME by the associated
stochastic Hamiltonian, and examine the protocol on a transmon qubit. To
observe the multiple steady states in our processor, we harness Floquet
engineering to suppress undesired NNN interactions and observe the
quantum walk of a Bell state in a superconducting qubit chain. By tuning the
phase of the Bell state and activating the dissipation, the end-to-end cor-
relation of a nine-qubit chain converges to the steady value in the symmetry
sector 17 =0 or 4 = 1. We also show that the phase information in the initial
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Fig. 5 | The evolution of end-to-end correlation (0%0%) for Bell states with dif-
ferent phases on a five-qubit chain. The shaded regions surrounding the experi-
ment data represent the standard error of the mean over trajectories in the
experiment. a The solid lines with circle markers correspond to the initial phases
from 0 to 7 in increments 71/8, respectively. b The values of (6]0%) evaluated at £, =
1.4,1.7, and 2 ps.

state can be extracted from the steady state in a five-qubit array. While our
experiment involves at most nine qubits, numerical analysis of errors and
the number of sampling trajectories suggests that our approach can be
extended to include more qubits in the same setting (see Supplementary
Note 12). Furthermore, our approach can also explore symmetry sectors
with 77 > 1 by generating multiple pairs of Bell states using digital circuits and
further increasing the ratio U/J;;,; (see Supplementary Note 10)*”. In
addition, our approach could have potential applications in probing the
spreading of correlation in open quantum systems” and diagnosing non-
Markovian dynamics™.

Methods

Realization of controllable dissipation

We first derive the equation governing the dynamics of the average density
operator p for a quantum system exposed to the noise. The evolution of the
state |y) in each trajectory can be described by the following quantum
Langevin equation

d
i lv) =H®Oly) = ly), (8)

K
Hy+ ) &)V,
=1

where H,, is the dissipationless Hamiltonian, £(t) is a stationary stochastic
process with correlation time 7 and V; is a Hermitian operator for j = 1, 2,
.., K. In thelimit 7. — 0, Eq. (8) becomes a Stratonovich stochastic equation

—iHdt|y) — zz Vily)dw (o), ©)

j=1

dly) =

where o denotes the Stratonovich integral”’ and {Wj(t)} are K independent
real Weiner processes. Equation (9) can also be converted into an equivalent
Itd equation

where H g =
have

Hy— iy, V. Following the rules of the Ito integral™, we

K
d(ly)(wh) = X Vly) (yIV,dt + (—iHegly)(yldt
. (11)
—iy Vily){wldW(t) + h.c),
j=1

where h.c. denotes the Hermitian conjugate. Hence, the ensemble-averaged
state p = |y/) (| satisfies the following Lindblad master equation

3 {vie}

where we have used the property of Ité integral that |y)(y/| and dW(t) are
uncorrelated.

However, generating Wiener processes is challenging, making it
impractical to use Eq. (8) to simulate the dynamics described by Eq. (12) in
experiments. To address it, we develop an alternative approach by dividing
the entire evolution process into N sections, each with a duration At. The
state |y, ) at time nAt is given by the iterative equation

dp

K
— = "ilHo 1+ D VipV; - (12)
j=1

ly,) = exp (—iHOAt iy an;‘«/A—t> [¥,1), (13)

J

where |1[/0> is the initial state, {#/}'} are NK independent real random variable
satisfying 7/ = 0 and #]'n}" = = 16 ,n- Expanding Eq. (13) using Taylor’s
formula and neglecting the high- order infinitesimal terms yields

. . n 1 n
dly,) ~ —lHOAt—lZVjﬂjVAt_EZVjVIW]WIAt ¥1)-
7 I

(14)

The corresponding density operator satisfies

d = _Z[H07pn 1 lz[ pn—l]ﬂ;lm

(15)
+ Zj,l(Van—l Vi—3 {VjVIan—l})ﬂ;lW?At~

Since { 111’7} are uncorrelated with p,,_;, we obtain the master equation for the
statistically averaged state p

dp _
dt HO?P]+ZV { va} (16)
Therefore, we derive the same master equation from Eq. (13), which is
generated by the Hamiltonian
H"=H,+ Y V' /VAt (17)
=1

within the nth time interval.

In our experiment, the dissipation channels consist of particle pump
and loss. When the rates of pump and loss are equal, the dissipation part in
the master equation could be rewritten using Hermitian Pauli operators by
replacing ¢* with (¢* £ i0”)/2, yielding

y(o7pot —3{ota,p})
dly —iH, di’ll[/ —1i V. |1// dW (t) (10)
> eff ; +y(a+p0* —1{o” U+,p}) (18)
=1(0"po* — p) +1(d’po” — p).
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Hence, combining Eq. (17) and Eq. (18) recovers Eq. (3).

Suppression of NNN interactions by Floquet engineering

By parking the qubits at the frequencies shown in Fig. 3(a), the NNN
interactions between pairs Q; and Q;, Qs and Qs, Qs and Q;, and Q; and Q
are effectively suppressed since the NNN coupling strength (J;;,,/27
~1 MHz) is significantly smaller than the frequency detuning (210 or
330 MHz) between these pairs. The ac flux modulation frequency is set to
either 210 or 330 MHz to make the first sidebands of Q,, Q4, Qs, and Qg
resonate with Qs or Q,. This configuration maintains NNN interactions
between Q, (Qs) and Q4 (Qg) as their first sidebands align. However, the
coupling strength between Q, and Q4 is reduced by a factor of J;(&2/v,)]1 (e4/
vy) ~0.1 where J;(x) is the first-order Bessel function of the first kind. A
similar reduction occurs for the pair Qg and Qg. Simulation results confirm
the presence of multiple steady states under these conditions.

We also introduce a general strategy to fully cancel the NNN interac-
tions in a one-dimensional chain. The fundamental idea is depicted in
Fig. S10 of Supplementary Note 6. Our approach involves sequentially
applying parametric longitudinal fields with two distinct modulation fre-
quencies, v; and v, to the qubits. Assuming v; < v,, we activate the NN
interaction between Q; and Q, by aligning the first negative sideband of Q;
with the frequency of Q,, accounting for the modification of DC offset.
Subsequently, we enable the NN interaction between Q, and Qs by
employing a parametric field with modulation frequency v, on Q,. Following
this, a parametric field with modulation frequency v, is applied to Qs, and
similar adjustments are made to other qubits from left to right. Consequently,
the NNN interaction between Q; and Q; can be severed if v, is not an integer
multiple of v;. This occurs because although both qubits have parametric
fields applied with the same modulation frequency v;, the frequency
detuning between them becomes v, + v;, which cannot be compensated by
the modulation frequency. Likewise, the NNN interaction between Q, and
Q4 can be eliminated, as their modulation frequency is v,, while the frequency
detuning between the two qubits is v, — v;. This process can commence from
any qubit Q; in the array, extending from Q; to Q; and Q; to Q. Therefore, by
selecting a starting qubit and activating the interaction between Q; and Q44
through the first positive or negative sideband of Q;, we can cancel the NNN
interactions between all qubits. The modulation frequencies are chosen by
sweeping the T of the qubit near the corresponding sideband.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Code availability
The codes for numerical simulation and data analysis are available from the
corresponding author upon reasonable request.
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