CHinese PuysicaL Sociery | IOP Publishing

CPB

Chinese Physics B

http://cpb.iphy.ac.cn https://iopscience.iop.org/journal/1674-1056

Quench dynamics of Anderson-localized interacting exciton-polaritons

Zhi-Hao Sun(#) & 5%), Yong-Jia Chong(# 5 3%), Yu Guan(& %), Zheng-Ye Wang(F 1EM), Meng Chen([%f#), Lei
Chen([%:5), and Xingran Xu(¥F £ 4R)

Citation:Chin. Phys. B, 2026, 35 (5): 057106. DOI: 10.1088/1674-1056/ae4e87

http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

A two-stage injection locking amplifier based on a cavity magnonic oscillator

Mun Kim, Chunlei Zhang, Chenyang Lu, Jacob Burgess, and Can-Ming Hu
Chin. Phys. B, 2025, 34 (6): 067104. DOI: 10.1088/1674-1056/add1bf

Actively tuning anisotropic light—matter interaction in biaxial hyperbolic

material a-MoO, using phase change material VO, and graphene

Kun Zhou(JE E), Yang Hu(#1#%), Biyuan Wu(% 44 ), Xiaoxing Zhong(fl % &), and Xiaohu Wu(%: /)N E)
Chin. Phys. B, 2024, 33 (4): 047103. DOI: 10.1088/1674-1056/ad23d2

Exciton-polaritons in a 2D hybrid organic-inorganic perovskite microcavity with the

presence of optical Stark effect

Kenneth Coker, Chuyuan Zheng(X} 2£1%), Joseph Roger Arhin, Kwame Opuni-Boachie Obour Agyekum, and Weili

Zhang(7k 1)
Chin. Phys. B, 2024, 33 (3): 037102.  DOI: 10.1088/1674-1056/ad1484

Polarization-dependent ultrafast carrier dynamics in GaAs with anisotropic response

Ya-Chao Li(4=EjfH), Chao Ge(% i), Peng Wang(YE5), Shuang Liu(X1]3€), Xiao-Ran Ma(J#k ), Bing Wang(F
K), Hai-Ying Song(A#5%), and Shi-Bing Liu(X1] )
Chin. Phys. B, 2022, 31 (6): 067102. DOI: 10.1088/1674-1056/ac422b


https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ae4e87
https://doi.org/10.1088/1674-1056/ae4e87
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/add1bf
https://doi.org/10.1088/1674-1056/add1bf
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad23d2
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad23d2
https://doi.org/10.1088/1674-1056/ad23d2
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad1484
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad1484
https://doi.org/10.1088/1674-1056/ad1484
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac422b
https://doi.org/10.1088/1674-1056/ac422b

Chin. Phys. B 35, 057106 (2026)

SPECIAL TOPIC — Exciton physics: Fundamentals, materials and devices

Quench dynamics of Anderson-localized interacting
exciton-polaritons

Zhi-Hao Sun(#h&5%)!, Yong-Jia Chong(#' % 5%)", Yu Guan(&#%)!, Zheng-Ye Wang(E 1EMH)!,
Meng Chen([%:4%)!, Lei Chen(f47)> ", and Xingran Xu(¥F£5R)1#

lSchoo] of Science, Jiangnan University, Wuxi 214122, China

2School of Information, Hunan University of Humanities, Science and Technology, Loudi 417000, China

(Received 4 December 2025; revised manuscript received 1 March 2026; accepted manuscript online 7 March 2026)

Exciton—polaritons, formed through strong coupling between photons and excitons, exhibit unique characteristics
such as an extremely small effective mass and a propensity to form Bose—Einstein condensates. The dynamics of these
condensates are governed by a coupled system of equations that describe the condensate wavefunction and the excitonic
reservoir density. Using imaginary-time evolution, the ground state of the condensate in a quasi-periodic potential is
determined, revealing a transition from localized to delocalized states as the nonlinearity increases. After quenching the
interaction strength, localized condensates with weak nonlinearity propagate without significant distortion, whereas those
with strong nonlinearity exhibit breathing-like oscillations. Higher reservoir decay rates promote localization and suppress
chaotic behavior, highlighting the interplay between nonlinearity and dissipation in determining the system’s dynamical

behavior.
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1. Introduction

Exciton—polaritons, quasiparticles arising from the strong
coupling between photons and excitons in semiconductor mi-
crocavities, have established themselves as a prototypical plat-
form for studying non-equilibrium quantum fluids of light.!'=3]
Their inherently driven—dissipative nature — requiring con-
tinuous optical pumping to compensate for photon loss —
places them fundamentally out of thermodynamic equilibrium.
This unique setting gives rise to a rich spectrum of phenom-
ena not found in closed conservative systems, including non-
Hermitian physics with exceptional points,*~! the formation
of non-equilibrium Bose-Einstein condensates (BECs) even

[8-13] and the emergence of dissipa-

S.[l4’15

at elevated temperatures,
tive solitons and nonlinear wave pattern I The experi-
mental relevance of this platform is further enhanced by a ver-
satile experimental toolbox, encompassing static potentials,
all-optical lattices, strain engineering, and metasurfaces sup-
porting bound states in the continuum,'*->71 which allows for
precise sculpting of the polariton landscape, enabling explo-

(28291 and novel transport

30-32]

ration of artificial topological matter
regimes such as the non-Hermitian skin effect.|

Quench dynamics in exciton—polariton condensates —
triggered by abrupt changes in interaction strength, pump
power, or cavity detuning — further probe how these
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CSTR: 32038.14.CPB.ae4e87

open-dissipative quantum fluids evolve far from equilibrium,
revealing nonlinear phenomena such as dispersive shock
waves, soliton trains, parametric amplification, vortex nu-
cleation, quantum turbulence, and Kibble—Zurek-like defect

[33-36] Central to this dynamical richness is the

formation.
interplay between coherent nonlinear interactions and inco-
herent dissipative processes. Nonlinearity, stemming from
polariton—polariton interactions, is the driving mechanism for
a plethora of complex behaviors: it facilitates soliton forma-
tion, drives parametric instabilities, and underlies quantum
turbulence.®’=*%1 Conversely, dissipation, primarily through
cavity photon leakage and reservoir exciton decay, acts as a
source of damping and decoherence. In such a competition
between nonlinearity and dissipation, the conventional under-
standing, supported by previous studies of open quantum sys-
tems such as polaritonic or cold-atom systems coupled to ex-
ternal baths, has largely cast dissipation in the role of a stabi-
lizer or a suppressor of chaos.[*!#?] The prevailing expectation
is that strong dissipation dampens fluctuations, suppresses the
phase-space exploration necessary for chaotic motion, and ul-
timately drives the system towards regular, predictable dynam-
ics or steady states, thereby framing dissipation as a passive,
calming influence that counters the destabilizing tendencies of
strong nonlinearity.

However, this established paradigm immediately raises a
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critical question: could dissipation, under specific conditions
and in concert with nonlinearity, play a more active, construc-
tive, and even chaos-enhancing role? In other words, is the dy-
namic interplay between nonlinearity (g) and dissipation (}R)
merely competitive, or can it become cooperative, opening up
new pathways to instability and chaos that are inaccessible in
either the purely conservative or the strongly overdamped lim-
its? Addressing this question is not only of fundamental im-
portance for advancing our understanding of open quantum
system dynamics but also crucial for applications seeking to
harness or control chaotic behavior in photonic and polaritonic
devices, such as chaotic encryption, ultrafast signal process-
ing, quantum simulation, and information processing.

Signatures of Anderson localization in exciton—polariton
systems have been experimentally demonstrated in disordered
microcavities, most notably through steady-state localization
of two-dimensional polariton condensates under controlled
disorder.!*3 Theoretical investigations have further examined
localization—delocalization transitions in quasi-periodic po-
tentials, primarily focusing on ground-state properties and
multistable self-trapping.!**) While previous studies focused
on static Anderson-localized states or steady-state localiza-
tion in polariton condensates, the present work investigates
the unexplored territory of real-time quench dynamics after
a localization—delocalization transition in a quasi-periodic po-
tential.

In this work, we challenge the conventional view by the-
oretically demonstrating that moderate dissipation can coop-
eratively interact with nonlinearity to significantly lower the
threshold for chaos and expand its parameter regime in an
exciton—polariton condensate. We investigate the quench dy-
namics of an Anderson-localized exciton—polariton conden-
sate in a one-dimensional quasi-periodic potential — a setting
that intrinsically hosts both localized and delocalized quan-
tum states. By abruptly switching off the interparticle inter-
action strength and numerically solving the coupled, dissipa-
tive Gross—Pitaevskii equations for the condensate and its ex-
citonic reservoir, we map the ensuing spatiotemporal evolu-
tion.

Our key finding is the existence of a cooperative con-
trol mechanism governed by the dimensionless interaction
strength g and the reservoir decay rate Jr. Contrary to the
simplistic picture of dissipation as a universal stabilizer, we
show the following results.

Moderate dissipation (intermediate ) can synergize
with nonlinearity to promote and sustain chaotic dynamics,
making chaos more robust and accessible at lower nonlineari-
ties.

A chaotic phase with a large positive maximal Lyapunov
exponent emerges in a broad, well-defined window of the (g,
k) parameter space.

Only very strong dissipation suppresses chaos, whereas
weak dissipation or strong nonlinearity alone may not be suf-
ficient to induce it; the joint action of both parameters is deci-
sive.

This cooperative g—Jr control represents a significant de-
parture from the expected behavior in closed nonlinear sys-
tems or strongly damped open systems. It reveals that dissipa-
tion can act as a “‘chaos generator” within a balanced dynamic
regime, reshaping the phase diagram and offering a novel, de-
terministic knob to switch between regular and chaotic evolu-
tion.

Therefore, our study shifts the perspective from view-
ing dissipation merely as a nuisance or a stabilizing agent to
recognizing its potential as an active and tunable ingredient
for engineering quantum fluid dynamics. The manuscript is
structured as follows: In Section 2, we detail the theoretical
model of a reservoir-coupled polariton condensate in a quasi-
periodic potential. Section 3 presents our numerical results.
We first identify the localization—delocalization transition of
the ground state (Subsection 3.1), then analyze the quench-
induced spatiotemporal dynamics (Subsection 3.2), temporal
correlations and power spectra (Subsection 3.3), and finally
quantify the chaos through the maximal Lyapunov exponent
to construct a phase diagram (Subsection 3.4). Section 4 dis-
cusses the implications of our findings, emphasizing the coop-
erative mechanism and its significance for controlling chaos in
open quantum systems.

2. Theoretical model

We examine a one-dimensional exciton—polariton con-
densate coupled to an excitonic reservoir. The system is sub-
ject to external optical pumping, which injects particles into
the condensate through both spontaneous and stimulated elec-
tronic scattering processes. The temporal and spatial evolution
of the condensate wavefunction ¥ (x,¢) and the exciton reser-
voir density ngr(x,7) are governed by the generalized stochas-
tic Gross—Pitaevskii (GP) equation and the rate equation as
follows:[43-46]

0¥ n 92 in

lhy = _Wﬁ —|—V(x) —|—U(x,t) + E (RVZR - YC) lIIa
(1)

0

% = — (R+RI¥P?) ng +P(x,1), ©)

where M represents the effective polariton mass, V (x) denotes
the trapping potential, and U (x,t) = gc|¥|? + grnr is an ef-
fective potential. In this expression, gc quantifies the strength
of the nonlinear interaction between polaritons, while gr char-
acterizes the coupling strength of the condensate to the reser-
voir. P(x,t) corresponds to the pump intensity, R describes
the rate of stimulated scattering of excitons from the reservoir
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into the condensate, and Jc and Jr represent the decay rates
of cavity photons and reservoir excitons, respectively. For the
one-dimensional polariton system under consideration, the pa-
rameters Yc, YR, and R have been rescaled by the thickness
of the nanowire d as gc — gc/V2nd, gr — gr/v/27d, and
R —R/\2nd.

In this paper, we consider the trapping potential V(x)
as a quasiperiodic potential to analyze the characteristics and
dynamics of condensate localization. Experimentally, such
a potential can be realized through the superposition of two
counterpropagating laser beams with slightly different wave-
lengths, yielding the following form:[47]

47t2s1 5 [ 27x 47r2s2 5 [ 27x
Vix)= Py cos <)v1>+122cos (M)’ 3)

where s1 (A1) and s (A2) represent the amplitudes (wave-

lengths) of the primary and secondary optical lattices, respec-
tively. For experimental implementation, we set A; = 1032 nm
and A, = 862 nm. These values are adopted from experimen-
tal and theoretical studies of localization in ultracold BECs, #"]
directly matching setups with counterpropagating lasers (e.g.,
for 3K atoms near a Feshbach resonance). They correspond
to typical, accessible conditions in state-of-the-art exciton—
polariton platforms, such as all-optical lattices in GaAs mi-
crocavities, enabling quasi-periodic disorder tunable via laser
detuning for room-temperature operation.

By introducing the natural scaling units of the healing
length, x, = fi/(Mcs), and time T) = x,/cs, the governing
equations are cast into a dimensionless form. This procedure
leads to the dimensionless parameters ¥c = hiyc/ (gcng) and
R =hR/gc, where ¢ = \/gcng. /M is the local sound velocity
in the condensate. The resulting dimensionless equations are
given by (48]

oy ([ 10? 2, is

i = <_28xﬁ+v(xh)+g|w +ngR+2RmR) v, (4)
a _ _ _

T8 = Te(1=[wl?) — Feme — Ry’ ©)

where we have used the fact that fr = R/(Py/Pn — 1), which
follows from the definition of the dimensionless parameters
and the steady-state condition. Moreover, we take § = g/gc
and gr = 22, and we drop the overline on g for notational
simplicity. These equations provide the foundation for ana-
lyzing the formation, propagation, and stability of nonlinear
excitations in driven-dissipative polariton condensates within
a well-defined theoretical framework.

3. Results

In this section, the detailed numerical results of the
ground states and their related dynamics are presented. For the

present analysis, the quasi-periodic potential is employed to
investigate the dynamics of the exciton—polariton condensate
after the sudden extinction of the initial ground state, whether
localized or delocalized. The structure of theis section is as
follows: In Subsection 3.1 (ground states), the ground state of
the condensate is determined using imaginary-time evolution,
and the effect of nonlinearity on localized states in a quasi-
periodic potential is investigated. A transition from localized
to delocalized states is quantified by analyzing the density dis-
tribution profiles as g is increased. In Subsection 3.2 (quench
dynamics), dynamical simulations are conducted to explore
the emergence of chaos triggered by quenching the interac-
tion strength. The spatiotemporal evolution of the condensate
density is mapped for various g and ¥k. In Subsection 3.3
(correlation and dynamical behaviors), the influence of non-
linear interactions and dissipative effects on the transition to
chaotic dynamics is probed using the time-correlator function
c(t). The power spectral density (PSD) of ¢(¢) is computed
to gain a deeper understanding of the chaotic dynamics. In
Subsection 3.4 (Lyapunov exponent), the presence of tempo-
ral chaos is quantitatively assessed by calculating the maximal
Lyapunov exponent (Anax). A chaos phase diagram is con-
structed to reveal the profound link between localization and
chaotic dynamics, demonstrating the competitive mechanism
between interactions and dissipation.

3.1. Ground states

In this subsection, we first utilize imaginary-time evolu-
tion to determine the conservative ground state (in the absence
of the reservoir, ng = 0), with a Gaussian wave packet centered
at x = 0 selected as the initial condition.[**=>!1 At each time
step, the wave function is normalized to ensure that [ |y|>dx =
1, and hard-wall boundary conditions y(0) = y(N,—1) =0
are imposed. This reservoir-free calculation isolates the effect
of the nonlinear interaction strength g on localization within
the quasiperiodic potential V(x), allowing us to examine the
fundamental competition between disorder and interactions.

The ground-state density distributions for varying interac-
tion strengths are shown in Fig. 1. In the non-interacting limit
(g =0), the condensate is confined to —5 < x <5, peaking near
x ~ £2. As g increases to 4, the wave function develops strong
localization at x = 0 with an exponential tail, as confirmed by
semilogarithmic analysis. However, beyond a critical thresh-
old (g > 5), matter-wave localization breaks down. This signi-
fies a transition to a delocalized state, where the wave function
extends across the entire computational domain bounded by
the hard walls, rather than being confined within the potential
minima. This is evident in Fig. 1(a), where profiles for g =5
(brown) and g = 6 (pink) extend across the computational do-
main. Figure 1(b) further highlights the exponential decay in
the localized regime.
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Fig. 1. Variation of the density for different g values in (a) linear and (b) semilogarithmic scales. The wave function is localized near x = 0 at
g = 0. As the nonlinearity increases, the wave function spreads out. In the localized regime (g = 0, 1,2,3,4), the condensate density exhibits
an exponential tail. For g > 5, the condensate spans the entire domain, indicating a delocalized state. In panel (b), the red dashed line shows a

double-exponential fit to the ground-state density for g = 0.
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Fig. 2. Variation of the localization length L, with the nonlinearity for
different sp/s; ratios. The localization length Ly, is calculated from the
1/e decay of the fitted curve ae—P=xol/Lioe 4 ge—lx+xol/ Lioc | where xq de-
notes the position of maximum density in space. Here xo = £2.275. The
localization length L, starts to increase beyond the critical nonlinearity
8, and g increases with increasing s, /s;. The other parameters are the
same as those in Fig. 1.

To quantify this localization—delocalization transition,
the localization length Lj,. is computed by fitting the lo-
calized states with the function y = aexp (—|x —xo|/Lioc) +
aexp (—|x+xo|/Lioc), Where a is a fitting parameter, xo de-
notes the localization center, and L, is the localization length.
The variation of L, with respect to g is plotted in Fig. 2 for
different values of s, /s1. We find that when the condensate is
in the localized state, Lo varies linearly with g. However, a
discontinuous jump occurs in Lo at a critical value of g, be-
yond which delocalization appears in the density profile. The
threshold value of the nonlinearity at which delocalization oc-
curs decreases as the disorder strength s, /5| decreases.

These ground states correspond to a conservative, closed-
system setting, explicitly ignoring the reservoir. This approach
provides initial conditions for the open-system quench dy-
namics discussed in subsequent sections. The key carry-over
aspect is the localized-to-delocalized crossover phenomenol-
ogy: exponential tails at small g persist as stable propagation
in open dynamics, whereas extended profiles at large g seed
breathing or chaotic instabilities modulated by dissipation.

The physical mechanism driving delocalization as
g increases involves competition between quasiperiodic
interference-induced localization (Anderson-like, where de-
structive interference traps the wavefunction in potential min-
In the
non-interacting limit, the quasiperiodic potential induces lo-

ima) and interaction-induced density redistribution.
calization via wave interference. As g increases, the term
g|w|? acts as an effective potential that redistributes the con-
densate density, thereby partially screening the underlying
This is akin
to interaction-driven delocalization in quasiperiodic Bose—

disorder and weakening its localizing effect.

Hubbard models.”?! In our finite system with hard-wall
boundaries, “delocalized” means that the density profile spans
the entire computational domain without exponential tails (i.e.,
the localization length L, is comparable to the system size L),
although boundaries prevent true infinite delocalization.

3.2. Quench dynamics

Following the characterization of the ground-state tran-
sition in Subsection 3.1, we conduct dynamical simulations
of an interacting exciton—polariton condensate in a one-
dimensional quasi-periodic optical lattice to investigate the de-
tailed dynamics of localized and delocalized condensates. We
systematically explore the emergence of chaos triggered by
quenching the interaction strength. By numerically solving
the reservoir-coupled GP Eqs. (4) and (5), we map the spa-
tiotemporal evolution of the condensate for various interaction
strengths g and reservoir decay rates Jr.

Under the condition of a fixed reservoir decay rate Jgr =
14, we analyze the density evolution of the system for vari-
ous initial interaction strengths that are subsequently quenched
to zero. The results are depicted in Figs. 3(a) and 3(b). It
is observed that when the initial interaction strength is rela-
tively weak, the system remains in a localized state even after
quenching the interaction parameter g to zero. Conversely,
when the initial interaction strength is stronger, the system
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transitions to an extended state following the quench. In
contrast, pronounced breathing-like oscillations are observed
when the condensate is initially prepared at g = 6, as shown in
Fig. 3(b).

The effect of varying & is further examined, with the in-
teraction strength fixed at g = 2. For & = 14, the localized
condensate again propagates without distortion, as illustrated
in Fig. 3(a). However, for a lower decay rate of 7R = 3, the
condensate exhibits pronounced breathing oscillations, as seen
in Fig. 3(c). The same behavior is observed when comparing
Fig. 3(b) with Fig. 3(d).

g=2

0.175

0.150

0.125

0.100

0.075

0.050

0.025

0.000

0.08

0.06

0.04

0.02

0.00

‘ 2

Fig. 3. Time evolution of the condensate density |y/(x,#)|*, calculated us-
ing Egs. (4) and (5) after quenching the nonlinearity to zero, for different
values of g and %k: (@) g =2, R =14;(b) g=6, R =14; (¢c) g =2,
T =3; and (d) g =6, /r = 3. The other parameters are Jc = 1 and
R=0.5.

The transition between dynamical regimes exhibits a sys-
tematic dependence on system parameters. To quantify the
role of dissipation, localization properties are compared for
two reservoir decay rates: Jr = 14 and Jr = 3. A higher value
of & consistently suppresses breathing oscillations and pro-
motes dynamical localization, as stronger dissipation damps
nonlinear excitations and stabilizes the condensate against
chaotic spreading. The stimulated scattering rate is set to
R = 0.5, placing the system in a moderate-coupling regime
where both localized and delocalized phases are accessible by
tuning g. This parameter choice allows the full phase diagram
to be explored without being restricted to either the strongly
dissipative or the weakly nonlinear limit.

The incorporation of a reservoir nr significantly impacts
the steady-state properties of the exciton—polariton conden-
sate. In the absence of the reservoir, when interactions are

relatively weak, the ground state of the system is typically lo-
calized. However, upon incorporating the reservoir and allow-
ing the system to evolve dynamically, the ground state may
transition from a localized to a delocalized state. Conversely,
if the initial ground state is delocalized, the introduction of the
reservoir and subsequent dynamical evolution can lead to lo-
calization. This behavior underscores the crucial role of the
interaction between the reservoir and polaritons in modulating
the spatial coherence and overall state of the exciton—polariton
condensate.

To further elucidate the oscillatory (breathing) features
observed in the density evolution in Fig. 3, and to establish
a direct connection to the subsequent analyses based on c(t),
PSD, and Amax, we quantify the breathing dynamics by track-
ing the time-dependent amplitude of a representative mode.
Specifically, we integrate the intensity |y(x,¢)|* over a nar-
row spatial window centered on the dominant density peak to
the left of x = 0 (typically located at x ~ —2.4), which corre-
sponds to the most prominent bright stripe visible in the spa-
tiotemporal plots. This amplitude serves as a direct proxy for
the breathing motion of the localized condensate and captures
its instability without interference from global effects.

Figure 4 shows the temporal evolution of this amplitude
for four representative cases covering weak and strong nonlin-
earity (g) as well as high and low reservoir dissipation (}r).
For weak nonlinearity and high dissipation, as illustrated in
Fig. 4(a), the amplitude displays nearly periodic oscillations
with a stable envelope, consistent with the undistorted propa-
gation of localized condensates seen in Fig. 3.

With increasing nonlinearity, as illustrated in Fig. 4(b),
the breathing amplitude develops modulated oscillations with
noticeable irregular variations, reflecting the onset of fre-
quency mixing. The PSD shows broader peaks together with
elevated background noise, mirroring the spectral broadening
observed in ¢(¢) and correlating with faster and more irreg-
ular decay of c(r). Lowering the dissipation rate further en-
hances this trend: at low R and weak g, as illustrated in
Fig. 4(c), the appearance of minor amplitude modulations sug-
gests a transition toward quasi-periodic regimes. Finally, un-
der combined strong nonlinearity and low dissipation, as illus-
trated in Fig. 4(d), the amplitude becomes highly erratic. This
regime corresponds to positive Apax > 0.12, marking the onset
of chaos, where nonlinearity drives mode instability.

This quantitative analysis directly bridges the real-space
breathing features observed in Fig. 3 to the chaos diagnos-
tics employed later in the manuscript: the progressive desta-
bilization of the breathing mode, manifested in amplitude ir-
regularities and PSD evolution, underlies the decay of c¢(¢),
the broadening of its spectrum, and the emergence of posi-
tive Amax. These results highlight the cooperative interplay be-
tween nonlinearity and dissipation in determining the system’s
dynamical transition.
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Fig. 4. Temporal evolution of the breathing amplitude (obtained by integrating |w(x,#)|> over the dominant density peak to the left of x = 0) for
different values of the nonlinearity g and reservoir dissipation Jr. (a) g =2, ¥/ = 14: Nearly periodic oscillations indicative of regular dynamics.
(b) g =6, %k = 14: Modulated breathing with irregular amplitude variations, signaling the onset of instability. (c) g =2, %R = 3: Slight
modulations emerge under reduced dissipation, indicating a transition toward quasi-periodicity. (d) g = 6, ¥ = 3: Highly erratic fluctuations,

corresponding to chaotic behavior with broadband spectral content.

3.3. Correlation and dynamical behaviors

In this subsection, we introduce the time-correlator func-
tion ¢(t)1>34 to investigate the impact of nonlinear inter-
actions and dissipative effects on the system’s transition to
chaotic dynamics. The function is defined as

c(t) = [{w(x,0)[y(x,1))| (6)

where y(x,0) denotes the ground state obtained through
imaginary-time propagation under repulsive interactions, and
W(x,1) = y(x,t)//N(t), with N(t) being the normalized par-
ticle number derived from the time evolution of y(x,0).
Owing to the reservoir equation ng(x,#), which induces
variations in the particle number, the initial stability of ¢(¢) is
compromised. Consequently, we allow the system to evolve
according to Eqgs. (4) and (5) for a sufficiently long time and
then use the resulting steady state for quantitative analysis. In
the localized regime (g < 4), ¢(#) exhibits periodic or quasi-
periodic oscillations, indicating coherent dynamics, as shown
in Figs. 5(a)-5(d). The regularity of these oscillations reflects
the stability of the localized ground state, while the systematic
variation of their period with g suggests a tunable coherent re-
sponse. As the system transitions into the delocalized regime
(g > 5), c(r) loses periodicity and displays irregular fluctua-
tions, a hallmark of chaotic dynamics, as shown in Figs. 5(e)
and 5(f). This behavior directly reflects the complex interplay

between nonlinear interactions and dissipative processes in the
extended state.

These results demonstrate that quenching the nonlinearity
can induce periodic, quasi-periodic, or chaotic temporal evo-
lution, depending on whether the underlying ground state is
localized or delocalized.

To further investigate the frequency content of the dynam-
ics and the route to chaotic behavior in the delocalized regime,
we compute the PSD of the time correlator, which is given
by53!

_ le(o)?

PSD(®) = ———,

27N @

where é( @) is the discrete Fourier transform of the time corre-
lator ¢(t).

The PSD for different values of g is shown in Fig. 6, pro-
viding clear evidence of the localization—delocalization transi-
tion. In the localized regime (g = 1,2, 3), the spectra exhibit
discrete peaks at a fundamental frequency and its harmonics,
confirming periodic dynamics, as shown in Figs. 6(a)-6(c).
The systematic shift of the dominant peak with increasing g
reflects the tunability of the coherent oscillatory response. At
g =4, additional frequency components emerge, indicating the
onset of quasi-periodic dynamics and foreshadowing the tran-
sition toward chaos, as shown in Fig. 6(d). In the delocalized
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regime (g = 5,6), the spectra become continuous and broad-

band, featuring numerous intertwined peaks — a hallmark of
chaotic evolution — as shown in Figs. 6(e) and 6(f). This

transformation demonstrates that the system enters a complex,
aperiodic temporal state driven by the interplay of interactions
and the underlying quasi-periodic potential.

(a) g=1 (b) g=2 () g=3
1.0 ” 1.0 1.0
0.8 “\‘H\\ 0.8 0.8 ‘I 11 !
06 | 06 06 \“””‘W
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Fig. 5. Temporal variation of the time-correlation function ¢(¢) calculated using Eq. (6) at s5/s1 = 1.0, s; = 3, 4; = 10.0, and {r = 14 for

different nonlinearities: (a) g =1, (b) g =2, (c) g =3, (d) g =4, (¢) g =35, and (f) g = 6. The horizontal axis represents time ¢, with data
shown up to 7 = 2000, while the vertical axis shows the amplitude of the time-dependent ground-state autocorrelation function ¢(z). The six
panels, ordered from top to bottom and left to right, correspond to g = 1,2,3,4,5,6. The insets (blue framed regions) show the evolution of ¢(t)
in the time window ¢ € [1500,2000], highlighting the late-time decay behavior. These results illustrate the transition from localized (g < 4) to

delocalized (g > 5) regimes.
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Fig. 6. PSD calculated using Eq. (7) of the time-correlation function (Fig. 3) for different nonlinearities: (a) g = 1 (periodic), (b) g = 2 (periodic),
(c) g = 3 (periodic), (d) g = 4 (quasi-periodic), (e) g =5 (chaotic), and (f) g = 6 (chaotic). The remaining parameters are identical to those in

Fig. 3. As the nonlinearity increases, two incommensurate frequencies ®;

=0.20 and @, = 0.5 emerge at g = 4. At higher nonlinearity (g > 5),

a large number of frequencies are generated, indicating broadband spectra and a signature of chaotic dynamics.
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3.4. Lyapunov exponent

In this subsection, we establish a connection between de-
localization and chaos by computing the maximal Lyapunov
exponent. In dynamical systems, Lyapunov exponents char-
acterize the mean exponential rate of divergence between two
nearby trajectories. In phase space, the evolution of an in-
finitesimal initial separation §X, can be expressed as>®

18X (1)] ~ e*'|8Xo|, ®)
L 6X (1)
)tmax*th_{g;lnma &)

where |6X ()| denotes the Euclidean (or chosen) norm of the
perturbation at time ¢, 6Xp is the initial perturbation vector,
and A is the instantaneous exponential growth rate.

Dynamical simulations of an interacting exciton—
polariton condensate in a one-dimensional quasiperiodic op-
tical lattice are performed to systematically investigate chaos
induced by quenching the interaction strength and varying the
reservoir decay rate. The stable time window of ¢(¢) (as shown
in the inset of Fig. 5) is selected to compute the maximal Lya-
punov exponent An,y for different values of g and %&. A chaos
phase diagram is constructed, revealing a clear connection be-
tween localization and chaotic dynamics. The phase diagram
(Fig. 7(a)) illustrates the competition between interactions and
dissipation. In the weak-interaction regime (g < 2.0), Ander-
son localization dominates: the wave function remains ex-
ponentially localized, the dynamics is regular, and the maxi-
mal Lyapunov exponent satisfies Apax = 0. As the interaction
strength increases, nonlinear effects progressively disrupt lo-
calization, driving the system into a transitional regime. In the
strong-interaction regime (g > 4.0), the system becomes fully
delocalized and exhibits pronounced chaotic dynamics, char-
acterized by large positive values of Ajpax.

In Fig. 7(b), with g fixed at 2.8, we observe that }r plays a
crucial role in determining the system’s state. For small }z, the
reservoir enhances instability and drives the system into chaos.
Conversely, for large 7R, dissipation suppresses fluctuations
and stabilizes the dynamics. In Fig. 7(c), with }r fixed at 5, the
interaction strength g remains the dominant control parameter:
increasing g enhances instability and promotes chaotic behav-
ior, consistent with typical exciton—polariton condensate dy-
namics.

To summarize, the system is stable when the interaction
strength g is small or when the reservoir-induced damping ¥r
is sufficiently large. Conversely, chaotic behavior emerges
when g exceeds a critical threshold or when % becomes too
weak. The introduction of a reservoir in exciton—polariton
systems therefore provides a tunable pathway for controlling
quantum state dynamics.

For small nonlinearity (g < 2), the ground-state stability
is not yet broken, so Aax remains close to zero and the corre-

lation function decays regularly. As g increases, phase-space
stretching induced by nonlinearity becomes significant: the
correlation function develops irregular oscillations and Ayax
increases. The onset of chaotic behavior at g ~ 4 indicates a
critical point separating distinct dynamical regimes. Near this
point, the system exhibits enhanced sensitivity to parameter
variations and the emergence of complex dynamics.

It is noteworthy that the reservoir decay rate R plays a
dual role in controlling chaos. Both too weak and too strong
dissipation suppress chaotic dynamics, whereas an intermedi-
ate regime 5 < 7R < 14 allows dissipation and nonlinearity to
balance dynamically, sustaining a pronounced positive Lya-
punov exponent region. Within the framework of open quan-
tum systems, environmental coupling introduces additional
dissipation channels that damp coherent evolution and thereby
reduce the degree of chaos.

¢ =2.8
0.18 g
-
g
Lyapunov exponent % 0.16
a
0.22 & 014
>
0.20 §0A12
2 0.10
0.18 E‘ (b)
0.16 008376 & 10 12 14 16
% 0.14 M
TR=5
0.12 + 0.20
g
0.10 §
20.15
0.08 &
0.06 &
N g
6 8 10 12 14 g 010
T g ©
~ 0.05

Fig. 7. The color map in (a) displays Amax calculated using Egs. (8) and
(9) as a function of the two dimensionless control parameters: g (verti-
cal axis) and Jr (horizontal axis). The color bar encodes the magnitude
of Amax — red/orange regions indicate large positive values (chaotic dy-
namics), while blue regions correspond to small values of Ap,y (nearly
regular, non-chaotic behavior). In panel (b), keeping g = 2.8, we show
the dependence of the Lyapunov exponent on Jr. In panel (c), keeping
#k = 5, we plot the nonlinear dependence of Ayax on g. A sharp transition
occurs near g = 2.5. The reservoir decay rate acts as a damping control:
below a critical threshold 7 (5-10), moderate ¥k cooperates with g to
open a wide tunable chaotic window; above %, strong damping univer-
sally suppresses chaos, independent of g, by quenching nonlinear growth.

4. Discussion

In summary, we establish that chaos in open polariton—
nonlinear systems is governed by a cooperative control pro-
vided by g and . A two-dimensional parameter scan quan-
titatively maps the chaotic boundary, revealing that moderate
dissipation lowers the onset threshold by an order of magni-
tude and significantly widens the experimentally accessible
chaotic window. Conversely, strong dissipation rapidly sup-
presses fluctuations and restores regular dynamics.

This cooperative interplay highlights a key difference
from closed nonlinear systems — such as pure Bose—Einstein
condensates without a reservoir — where chaos typically re-
quires very strong nonlinearities and is highly sensitive to pa-
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rameter variations. In our open system, the introduction of
not only shifts the onset of chaos toward moderate nonlineari-
ties but also substantially enlarges the chaotic domain, making
it more robust and experimentally accessible.

Our work identifies and quantifies this cooperative mech-
anism: chaos is not determined by a single parameter but
emerges from the joint action of nonlinearity and dissipa-
tion. This contrasts with earlier studies of open systems (e.g.,
optical-lattice models coupled to baths), which often focused
on single-parameter variations and sometimes reported that
extreme dissipation (7R — o) completely suppresses chaos. In
our setup, however, total density conservation prevents com-
plete system depletion, enabling a continuous and reversible
transition between chaotic and regular regimes as g and R
are varied. Such deterministic control offers a practical ex-
perimental tool, particularly in cold-atom and polariton-circuit
platforms, where both interaction strength and reservoir cou-
pling can be independently tuned.

From a theoretical perspective, our findings illuminate
the dual role of dissipation: while strong damping stabilizes
the system, moderate damping can actively assist the emer-
gence of chaos under nonlinear interactions. This coopera-
tive mechanism reshapes the understanding of open-system
dynamics, demonstrating that dissipation can act as a chaos
generator rather than merely a suppressor. The resulting wide
and tunable chaotic window opens pathways for applications
in quantum-information protocols, such as chaotic encryp-
tion, where deterministic switching between chaotic and reg-
ular regimes is essential. Ultimately, this study underscores
the importance of parameter cooperation in open quantum
and optical systems, providing a unified framework to explore
chaos and stability across diverse experimental platforms. The
demonstrated cooperative control may also inform the explo-
ration of other non-equilibrium quantum phases, such as the
room-temperature polariton supersolidity recently proposed in
guided parametric systems.7!

Regarding experimental feasibility, the predicted wide
and tunable chaotic window is readily accessible with cur-
rent exciton—polariton platforms. The nonlinearity g can be
tuned over more than an order of magnitude by varying the
non-resonant pump intensity or the cavity—exciton detuning,
both standard techniques in GaAs- and TMD-based microcav-
ities. The effective reservoir decay rate %R can be controlled
via material choice (inorganic vs. organic semiconductors with
different exciton lifetimes), operating temperature, or cavity
quality factor. Recent experiments have already demonstrated
tunable chaotic and turbulent dynamics as well as quench pro-
tocols in polariton condensates within comparable parameter
regimes. >389 Qur cooperative g—fr mechanism can there-
fore be directly probed using existing all-optical lattice se-
tups and time-resolved photoluminescence techniques, open-

ing concrete pathways toward chaotic encryption and ultrafast
signal processing in polaritonic devices.
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