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We numerically study three-dimensional acoustic cavities with progressively increasing geometric complexity and
analyze their spectral and spatial statistics. The eigenfrequency spectra and adjacent level-spacing ratios reveal a clear
transition from Poisson to Gaussian orthogonal ensemble (GOE) statistics as the cavity structure becomes more irregular.
The intermediate regimes are quantitatively characterized using the Berry–Robnik (BR) and Brody distributions, which
yield consistent estimates of the chaotic fraction. Furthermore, both the participation ratio and long-range spectral correla-
tions confirm the continuous evolution from integrable to chaotic dynamics. The distributions of normalized wavefunction
amplitudes gradually approach the Gaussian prediction, indicating the onset of wave chaos. These results demonstrate
that three-dimensional acoustic resonators provide a numerically controllable and experimentally accessible platform for
studying the universal transition from Poisson to GOE statistics and for exploring the interplay between geometry and wave
chaos.
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1. Introduction
Wave chaos — the study of irregular wave phenomena

arising in systems whose classical counterparts exhibit chaotic
dynamics — has become a central theme in the exploration
of universality across quantum, electromagnetic, and acous-
tic domains.[1–4] A key manifestation of wave chaos lies in
the statistical properties of energy levels and field intensi-
ties, which often display remarkable agreement with predic-
tions from random-matrix theory (RMT).[5,6] In the limit of
completely integrable dynamics, level spacings follow Pois-
son statistics, whereas in fully chaotic systems they obey the
Wigner–Dyson distributions corresponding to the Gaussian or-
thogonal or unitary ensembles (GOE/GUE).[5,7] The transition
between these two limits encodes the onset of chaotic behav-
ior and has been widely investigated as a signature of mixed
regular–chaotic dynamics.[8–11]

Experimental realizations of wave-chaotic systems have
been achieved in various physical settings, including mi-
crowave and optical resonators, vibrating plates, and elastic
or acoustic cavities.[12–16] Microwave billiards[17–19] in par-
ticular have provided precise analogs of quantum systems, en-
abling direct observation of universal spectral statistics, time-
reversal symmetry breaking, and scarring phenomena.[1,17,20]

Acoustic and elastic resonators, on the other hand, offer a
complementary platform where the interplay between geom-

etry, boundary conditions, and material properties can be ex-
plored in a macroscopic and experimentally accessible regime.
Despite this versatility, most studies have focused on two-
dimensional geometries or simple three-dimensional enclo-
sures with limited control over interior complexity.[21,22]

In realistic cavities, irregular boundaries and internal scat-
terers can strongly affect the propagation of acoustic waves,
giving rise to complex modal patterns and long-range correla-
tions. Understanding how geometrical complexity influences
the spectral and spatial statistics of acoustic modes is there-
fore essential for connecting the macroscopic behavior of re-
verberant environments with the microscopic mechanisms of
wave chaos. Moreover, acoustic systems constitute a natural
testbed for semiclassical concepts such as periodic-orbit cor-
rections and the correspondence between ray dynamics and
spectral fluctuations.[23]

In this work, we perform a comprehensive numerical
study of three-dimensional acoustic cavities with progres-
sively increasing geometric complexity. Using finite-element
simulations, we compute extensive sets of eigenfrequencies
and eigenmodes, and analyze their statistical properties over
a broad frequency range. We demonstrate a clear transition
from Poisson to GOE statistics in both short- and long-range
spectral measures, accompanied by the emergence of Gaussian
amplitude statistics and speckle-like mode patterns in space.
Furthermore, by isolating the influence of short periodic or-
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bits through a dedicated filtering scheme, we establish a direct
connection between semiclassical orbit dynamics and random-
matrix universality.

The remainder of this paper is organized as follows. Sec-
tion 2 describes the numerical model and eigenfrequency com-
putations. Section 3 presents the statistical analysis of the
spectra, highlighting the gradual transition toward universal
GOE behavior. Section 4 discusses the spatial statistics of
acoustic modes and their correspondence to wave-chaotic fea-
tures. Appendix A outlines the procedure used to remove
periodic-orbit contributions, and Appendix B compares the re-
sults obtained with the BR and Brody models.[6,24,25]

2. Numerical model and eigenfrequency compu-
tation
The system under study consists of a series of three-

dimensional acoustic cavities with progressively increased ge-
ometric complexity, as illustrated in Fig. 1. Each cavity
is enclosed in a rectangular box of fixed outer dimensions
480 cm×400 cm×250 cm. Within this volume, scatterers and
wall indentations are introduced to tune the degree of geomet-
ric irregularity, thereby enabling a systematic exploration of
how structural complexity influences spectral statistics. Four
geometries, labeled (a)–(d), are considered, ranging from a
simple rectangular cavity to a highly irregular enclosure con-
taining multiple protrusions and recesses. The total volume
of all models is kept constant so that any variation in spectral
or spatial statistics arises solely from geometric complexity
rather than from scaling effects.

(a) (b)

(c) (d)

Fig. 1. Three-dimensional acoustic cavities with increasing interior
complexity. (a) Empty cavity. (b) Cavity containing a television and
a tea table. (c) Same as (b) but with two additional stools. (d) Same as
(c) but further including an air conditioner, wall decorations, and addi-
tional tables, resulting in a more cluttered interior.

The acoustic pressure field p(𝑟) inside each cavity satis-
fies the three-dimensional Helmholtz equation,

∇
2 p+ k2 p = 0, (1)

where k =ω/c is the acoustic wavenumber and c= 343 m/s is
the speed of sound in air. Rigid (acoustically hard) boundary
conditions are imposed on all walls,

∂ p
∂n

= 0, (2)

which correspond to Neumann conditions implying zero nor-
mal particle velocity at the boundaries. This assumption is
well justified for hard-walled acoustic enclosures where wall
motion is negligible compared with the acoustic field.[26,27]

This choice ensures a Hermitian eigenvalue problem with real
eigenfrequencies and preserves time-reversal symmetry. Pos-
sible absorption or loss effects would render the system non-
Hermitian and require a different statistical framework, which
is not considered in the present work.

Fig. 2. Fluctuating part of the cumulative level number, Nfluc( f ), as
a function of frequency f for the four cavity models. The results for
models (a)–(d) are shown from top to bottom.

Moreover, it allows the acoustic problem to be mapped
onto a wave-chaotic analog of a closed quantum billiard,
preserving time-reversal symmetry and energy conserva-
tion while avoiding the additional complexity of lossy or
impedance-type boundaries. Such an approximation is widely
adopted in wave-chaos studies, where the Helmholtz equa-
tion plays the same mathematical role as the Schrödinger
equation in quantum systems.[4] Because of the irregular
three-dimensional geometry, analytical or mode-matching ap-
proaches are intractable. Therefore, the eigenfrequencies
and eigenmodes are computed numerically using the finite-
element method (FEM) implemented in COMSOL MULTI-
PHYSICS. A sufficiently fine tetrahedral mesh is employed
to ensure convergence, typically with at least ten elements
per acoustic wavelength at the highest frequency consid-
ered (500 Hz). The resulting eigenvalue problem yields dis-
crete resonance frequencies fn and the corresponding pressure
eigenfields pn(𝑟). For each geometry, all eigenfrequencies
within the range 50–500 Hz are extracted, providing several
hundred modes for subsequent spectral and spatial analyses.

060510-2
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To minimize numerical artifacts, each eigenmode is checked
for spatial continuity, and nearly degenerate pairs are treated
as single levels. This preprocessing guarantees the complete-
ness and reliability of the numerical spectra prior to unfolding
and statistical evaluation.

Before conducting statistical analysis, the eigenfrequency
spectra obtained from the four cavity geometries were first ex-
amined for completeness. The cumulative number of modes
below a given frequency f can be expressed as

N( f ) = Nfit( f )+Nfluc( f ), (3)

where Nfit( f ) represents the smooth part of the spectrum de-
termined by Weyl’s law, and Nfluc( f ) denotes the fluctuating
component.[1,28]

Figure 2 shows the fluctuating part Nfluc( f ) as a func-
tion of frequency for models (a)–(d). The fluctuations remain
bounded and oscillate around zero without systematic drift,
confirming that the computed spectra are complete within the
frequency range 50–500 Hz. Within this range, the total num-
bers of eigenfrequencies obtained for models (a)–(d) are 766,
775, 797, and 782, respectively. Additional numerical checks
confirm that both short- and long-range spectral statistics ex-
tracted from these complete spectra are insensitive to further
mesh refinement within the adopted discretization. This verifi-
cation ensures that the subsequent statistical analyses are free
from missing-level effects or unfolding bias. To characterize
short-range spectral correlations, we computed the adjacent
level-spacing ratio defined by

rn =
min(∆n,∆n+1)

max(∆n,∆n+1)
, (4)

where ∆n = fn+1− fn represents the spacing between consec-
utive eigenfrequencies. In the integrable rectangular cavity,
exact degeneracies arise due to geometric symmetries. Since
the definition of the adjacent spacing ratio in Eq. (4) requires
strictly ordered nonzero level spacings, each group of exactly
degenerate eigenvalues is represented by a single eigenfre-
quency when evaluating 〈r〉. For non-integrable geometries,
level repulsion suppresses degeneracies, and no special treat-
ment is required.

Unlike the conventional nearest-neighbor spacing distri-
bution, the ratio rn does not require spectral unfolding and
is therefore more robust against local density variations. Its
ensemble average, 〈r〉, serves as a universal indicator distin-
guishing between regular and chaotic spectral statistics. The
theoretical expectations are 〈r〉Poisson ≈ 0.386 for uncorrelated
spectra and 〈r〉GOE ≈ 0.536 for chaotic spectra described by
the GOE.[29,30] Figure 3 presents the calculated mean spacing
ratios 〈r〉 for cavity models (a)–(d). The horizontal dashed
lines mark the theoretical limits for the Poisson and GOE
ensembles, while the blue solid line represents the numeri-
cal results from the acoustic simulations. A clear monotonic

increase of 〈r〉 is observed as the cavity geometry becomes
more irregular, indicating a gradual transition from uncorre-
lated (regular) spectra to the universal GOE regime. This trend
reflects the onset of wave chaos induced by the increasing ge-
ometric complexity of the three-dimensional cavities.

Geometry complexity (a   d)

Fig. 3. Average adjacent level-spacing ratio 〈r〉 as a function of geo-
metric complexity (a→d). The blue line with dots shows the simulated
results obtained directly from the raw eigenvalue spectra without un-
folding. The red and black dashed horizontal lines denote the theoret-
ical predictions for Poisson and GOE statistics, 〈r〉Poisson ≈ 0.386 and
〈r〉GOE ≈ 0.536, respectively.

3. Spectral statistics and transition analysis
To provide a comprehensive statistical characterization

of the acoustic eigenfrequency spectra, both short- and long-
range correlations were analyzed using several complemen-
tary measures, as summarized in Fig. 4. The top-left panel
shows the nearest-neighbor spacing distribution P(s). For the
Poisson and GOE ensembles,[31] the theoretical expressions
are

PP(s) = e−s, PGOE(s) =
πs
2

exp
(
−πs2

4

)
. (5)

The top-right panel presents the corresponding cumulative
distribution,[32]

I(s) =
∫ s

0
P(s′)ds′, (6)

which smooths local fluctuations and emphasizes deviations
at small spacings. The inset enlarges the region 1.8 ≤ s ≤ 3,
where subtle differences between models remain visible.

The bottom-left and bottom-right panels display the num-
ber variance Σ 2(L) and the spectral rigidity ∆3(L), which char-
acterize long-range correlations in the unfolded spectra.[33]

The number variance is defined as the mean-square deviation
of the level-counting function N(E) from its average over an
interval of length L,

Σ
2(L) =

〈
[N(E0 +L)−N(E0)−L ]2

〉
E0
, (7)

where the brackets denote averaging over all starting positions
E0. The spectral rigidity ∆3(L)[34,35] measures the least-square
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deviation of N(E) from the best-fitting straight line within the
same interval,

∆3(L) =
〈

min
A,B

1
L

∫ E0+L

E0

[N(E)−AE−B ]2 dE
〉

E0

. (8)

Both quantities probe the degree of spectral stiffness: for Pois-
son statistics they increase linearly with L, whereas for GOE
spectra they rise logarithmically, reflecting stronger level re-
pulsion and correlations.

P
↼s
↽

I
↼s
↽

Σ
2
↼L
↽

∆
3
↼L
↽

Fig. 4. Spectral statistics of the four cavity models. Shown are the
nearest-neighbor spacing distribution P(s) (top left), the cumulative dis-
tribution I(s) (top right, with an inset showing the magnified region
1.8≤ s≤ 3), the number variance Σ 2(L) (bottom left), and the spectral
rigidity ∆3(L) (bottom right). The red, green, yellow, and blue curves
correspond to models (a)–(d), respectively. The black dashed and solid
lines indicate the Poisson and GOE predictions, respectively.

Figure 4 shows the red, green, yellow, and blue curves
corresponding to models (a)–(d), respectively. A systematic
evolution is evident across all four measures — P(s), I(s),
Σ 2(L), and ∆3(L) — showing a continuous transition from
uncorrelated (Poisson-like) to correlated (GOE-like) statis-
tics as the cavity geometry becomes more complex. The
simplest configuration [model (a)] exhibits nearly uncorre-
lated spectra consistent with integrable dynamics, whereas the
most irregular cavity [model (d)] shows strong spectral cor-
relations approaching the GOE prediction. A small devia-
tion remains visible in Σ 2(L), which is known to be partic-
ularly sensitive to short periodic orbits that induce additional
long-range correlations and slow convergence to the univer-
sal GOE limit.[23,36,37] Once these periodic contributions are
effectively suppressed, the number variance follows the GOE
curve much more closely (see Appendix A). Both short- and
long-range spectral correlations thus exhibit a consistent trend
toward GOE behavior from models (a) to (d), demonstrating
that increasing geometric complexity enhances the level of
wave chaos in the system.

To interpret these trends quantitatively, the intermediate
regimes between uncorrelated and correlated spectra were an-
alyzed using the BR model.[24,38,39] In this framework, the

spectrum is modeled as a superposition of two statistically in-
dependent subsequences: a regular (Poisson-like) component
with fractional weight ρ and a chaotic (GOE-like) component
with fraction ρc = 1−ρ . Using the Wigner-surmise approx-
imation for the GOE part, the BR nearest-neighbor spacing
distribution is given by

PBR(s;ρ) = ρ
2 e−ρs erfc

(√
π

2 ρcs
)

+
(
2ρρc +

π

2 ρ
3
c s
)

e−ρs− π
4 ρ2

c s2
. (9)

This expression correctly reproduces the Poisson limit P(s) =
e−s for ρ = 1 and the GOE Wigner surmise P(s) = π

2 se−πs2/4

for ρ = 0.

(b)

(a)

P
↼s
↽

P
↼s
↽

Fig. 5. Nearest-neighbor spacing distribution P(s) for two cavity mod-
els. Panel (a) shows the result for model (b), and panel (b) for model
(c). The histograms represent the numerical results, while the red curves
show the best fits to the BR distribution, with ρ = 0.152 for model (b)
and ρ = 0.035 for model (c). The black dashed and solid lines corre-
spond to the Poisson and GOE predictions, respectively, as in Fig. 4.

For each model, the spacings were computed from the un-
folded spectra and normalized to unit mean. The histograms in
Fig. 5 (gray bars) were constructed over the frequency interval
50–500 Hz, and the parameter ρ was obtained by least-squares
fitting of Eq. (9) to the numerical data. Panels (a) and (b) show
the results for models (b) and (c), respectively. The red curves
represent the best BR fits, yielding ρ = 0.152 for model (b)
and ρ = 0.035 for model (c). The BR model provides a com-
pact quantitative measure of the relative phase-space composi-
tion: the smaller the fitted parameter ρ , the larger the fraction
of chaotic dynamics in the system. Accordingly, the obtained
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values indicate that model (c) exhibits stronger spectral mixing
and a higher degree of wave chaos than model (b). This behav-
ior is fully consistent with the results shown in Fig. 4, where
both short- and long-range spectral statistics evolve monoton-
ically from Poisson-like toward GOE-like behavior as the cav-
ity geometry becomes more complex.

In addition to the BR model, the spectral transition can
also be described by the Brody distribution, which interpo-
lates smoothly between the Poisson and GOE limits through a
single empirical parameter β . While the BR model provides
a physically motivated decomposition of regular and chaotic
components, the Brody distribution[40] offers a phenomeno-
logical yet highly practical description of intermediate statis-
tics when the underlying phase-space structure is not strictly
separable.[6,25,41] A detailed comparison and fitting analysis
based on the Brody model are presented in Appendix B.

4. Spatial statistics of acoustic modes
To elucidate the emergence of wave chaos in three di-

mensions, Fig. 6 displays the normalized spatial maps of
|p| for cavities of increasing complexity. Across geometries
(top to bottom), the patterns evolve from symmetry-aligned,
standing-wave-like structures to highly irregular, speckle-like
fields. This evolution reflects progressive symmetry breaking
and enhanced modal mixing: eigenmodes gradually lose sepa-
rability and develop increasingly random spatial features, sig-
naling a transition from integrable to chaotic dynamics.

.

.

.

.

.

.

.

.

.

.



Fig. 6. Normalized spatial distributions of the acoustic pressure ampli-
tude |p| in three-dimensional cavities with increasing geometric com-
plexity (a→d). Each row corresponds to one geometry, from top to
bottom representing cases (a)–(d). For each geometry, three represen-
tative eigenmodes at (99.12, 299.49, 500.18) Hz for case (a), (99.28,
299.98, 500.40) Hz for case (b), (98.73, 299.73, 499.88) Hz for case
(c), and (106.52, 300.07, 500.07) Hz for case (d) are shown from left to
right. The color scale encodes the normalized pressure amplitude, with
red and blue denoting the maximum and minimum values, respectively.

Within each geometry (left to right), the mode structure
becomes more intricate with increasing frequency. At low fre-

quencies, nodal sets remain nearly regular and aligned with
cavity symmetries, whereas at higher frequencies, multiple
scattering and boundary interference generate speckle-like in-
tensity textures. The frequency-dependent increase in spatial
randomness shows that, even for fixed geometry, higher exci-
tation energies lead to denser spectra and stronger manifesta-
tions of wave chaos — consistent with the semiclassical pic-
ture in which complex classical trajectories dominate at higher
energies.

To quantify these observations, we analyze the probabil-
ity density P(ψ) of the normalized amplitudes ψ = p/

√
〈|p|2〉

for the four geometries in Fig. 1. For each geometry, forty
eigenmodes centered around f ≈ 300 Hz are selected, and
approximately 8× 105 spatial samples per mode are used to
ensure statistical convergence; the normalized data are then
pooled within each cavity.

In systems with fully developed wave chaos, real-valued
amplitudes follow the Gaussian prediction,[12,42,43]

PG(ψ) =
1√
2π

exp
(
−ψ2

2

)
, (10)

which corresponds to a random superposition of plane waves
with uncorrelated phases and directions. Deviations from this
limit diagnose residual regularity: an enhanced central peak
or suppressed tails typically indicate nonchaotic or mixed dy-
namics.

Figure 7 shows P(ψ) for geometries (a)–(d) (colored
curves) together with the Gaussian reference in Eq. (10)
(black). As geometric complexity increases from (a) to (d),
the amplitude statistics approach the Gaussian limit, indicat-
ing a gradual transition from regular to chaotic wave dynam-
ics. The inset magnifies the neighborhood of ψ = 0, highlight-
ing the evolution of the central peak. Taken together with the
morphology in Fig. 6, these results demonstrate that both field
patterns and local amplitude statistics consistently capture the
onset and strengthening of wave chaos in increasingly com-
plex cavity geometries.

P
(ψ
↽

Fig. 7. Probability density P(ψ) of normalized amplitudes for the four
cavity geometries (a→d). The red, green, yellow, and blue curves corre-
spond to cases (a)–(d), respectively; the black solid line is the Gaussian
prediction. The inset enlarges the region near ψ = 0 for clarity.
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5. Conclusion
In summary, we have performed a systematic numerical

investigation of the transition from regular to chaotic wave
dynamics in three-dimensional acoustic cavities with progres-
sively increased geometric complexity. Large ensembles of
eigenfrequencies and eigenmodes were computed and ana-
lyzed through complementary spectral and spatial statistics.
The unfolded level sequences exhibit a continuous evolution
from Poisson to GOE statistics, confirming the onset of chaotic
behavior in the acoustic spectra.

In the integrable rectangular cavity, acoustic modes are
separable and characterized by well-defined quantum num-
bers, leading to regular nodal patterns and the absence of mode
coupling. As geometric complexity increases, separability is
progressively destroyed and waves undergo repeated multi-
path scattering from irregular boundaries. This induces strong
coupling between modes with different spatial structures, re-
sulting in hybridized eigenfunctions that extend throughout the
cavity. From a semiclassical perspective, this mode mixing re-
flects the transition of the underlying ray dynamics from reg-
ular to chaotic motion, which directly manifests itself in the
observed crossover of spectral statistics from Poisson to GOE
behavior.

This transition was quantitatively captured by the BR
and Brody interpolations, which yield consistent estimates
of the degree of chaotic mixing. The corresponding spatial
mode patterns display a clear morphological evolution — from
symmetry-aligned standing waves to highly irregular speckle-
like fields — indicating the progressive loss of separability and
the emergence of strong mode mixing. Moreover, the proba-
bility density of the normalized wavefunction amplitudes ap-
proaches the Gaussian prediction as the structure becomes
more complex, in full agreement with the expectations for
fully developed wave chaos.

Overall, these results demonstrate a robust correspon-
dence between geometric irregularity and the statistical indica-
tors of chaos in both spectral and spatial domains. They estab-
lish three-dimensional acoustic resonators as controllable and
experimentally realizable analog platforms for exploring the
universal features of wave and quantum chaos and for eluci-
dating how geometry and symmetry breaking shape the onset
of statistical universality in complex wave systems. The ob-
served spectral transition reflects the universal distinction be-
tween integrable and chaotic wave systems with time-reversal
symmetry and does not rely on specific geometric realizations.

Appendix A: Numerical procedure for removing
periodic-orbit contributions

To elucidate the influence of short periodic orbits on the
fluctuation statistics and to demonstrate the numerical proce-

dure used for their suppression, we analyze in detail the un-
folded spectrum of model (d). Using the definition of the fluc-
tuating part Nfluc( f ) introduced in Eq. (3),

We compute its Fourier transform with respect to the
wavenumber k = 2π f/c, which yields the so-called length
spectrum,[23,43,44]

P(L) =
∣∣∣∣∫ Nfluc(k)e2ikL dk

∣∣∣∣2 , (A1)

where peaks in P(L) correspond to dominant classical peri-
odic orbits of length L. This semiclassical correspondence en-
ables the identification and subsequent removal of nonuniver-
sal, orbit-related contributions from the spectral fluctuations.

Figure A1 displays Nfluc(N) as a function of the unfolded
level index. The black curve represents the raw fluctuation se-
quence, which exhibits rapid oscillations around zero, whereas
the red curve denotes the smoothed background obtained by
low-pass filtering with a finite window size. This slowly vary-
ing component reflects the cumulative effect of short periodic
orbits and other nonuniversal structures. By subtracting the
red curve from the raw data, we isolate the residual fluctuation
sequence that more faithfully captures the universal random-
matrix-type correlations.

Ν

Ν
fl
u
c

Fig. A1. Fluctuating part of the cumulative level number Nfluc(N) as
a function of the unfolded level index N for model (d). The black
curve shows the raw fluctuation data, while the red curve represents
the smoothed component obtained by low-pass filtering.

L

P
↼L
↽

Fig. A2. Length spectrum P(L) calculated from the fluctuation part of
the cumulative level number Nfluc for model (d). The black curve corre-
sponds to the spectrum obtained from the raw fluctuations, the red curve
from the smoothed component, and the blue curve from the corrected
fluctuations after subtraction of the smooth background.
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The corresponding length spectrum P(L) is shown in
Fig. A2. The strong peaks in the black and red curves cor-
respond to dominant periodic orbits whose lengths match the
characteristic dimensions of the cavity. After removing the
smoothed component (blue curve), these orbit-related peaks
are strongly suppressed, and the remaining spectrum becomes
smoother and less structured, as expected when nonuniversal
semiclassical effects are eliminated. This demonstrates that
the subtraction procedure effectively isolates the stochastic
component of the spectrum associated with wave chaos.

Finally, Fig. A3 shows the number variance Σ 2(L) cal-
culated from the corrected unfolded spectrum after removal
of the smooth background. The blue curve follows the GOE
prediction (black solid line) closely across the entire range of
L, in sharp contrast to the uncorrected case, where residual
deviations persist at large L. The suppression of long-range
drift indicates that the orbit-induced oscillations — previously
responsible for the excess variance — have been effectively
eliminated.[45,46]

Σ
2
↼L
↽

Fig. A3. Number variance Σ 2(L) as a function of interval length L
for model (d). The blue curve shows the numerical result calculated
from the unfolded spectrum after subtracting the smoothed component
of Nfluc (see Fig. A1). The black solid line denotes the GOE prediction,
and the black dashed line corresponds to the Poisson prediction.

These results confirm that the combined low-pass filter-
ing and subtraction scheme provides a robust and systematic
numerical method for eliminating short-periodic-orbit effects
and recovering the universal spectral correlations predicted by
random-matrix theory. This procedure establishes a reliable
bridge between semiclassical orbit dynamics and statistical
universality in chaotic acoustic cavities.

Appendix B: Brody distribution analysis and
comparison

To further characterize the spectral statistics within an al-
ternative theoretical framework, the Brody distribution was
employed to fit the nearest-neighbor spacing distributions of
models (b) and (c). The Brody form provides an empirical
single-parameter interpolation between the Poisson and GOE
limits and is defined as

PB(s;β ) = A(β +1)sβ exp[−Asβ+1], (11)

A =

[
Γ

(
β +2
β +1

)]β+1

, (12)

where s denotes the nearest-neighbor spacing and β is the
Brody parameter that continuously evolves from β = 0 (Pois-
son limit) to β = 1 (GOE limit).[6] The parameter β thus
serves as a compact quantitative indicator of spectral corre-
lations and can be regarded as a phenomenological measure of
the transition from integrable to chaotic dynamics.

Figure B1 compares the numerical spacing distributions
with the Brody fits. The extracted parameters β = 0.583 for
model (b) and β = 0.879 for model (c) indicate that the degree
of spectral correlation increases with the geometric complex-
ity of the cavity. The fitted curves smoothly interpolate be-
tween the uncorrelated Poisson and fully correlated GOE lim-
its, demonstrating that the Brody parameter provides a consis-
tent quantitative description of the transition. These results are
in excellent agreement with the BR analysis presented in the
main text, reinforcing the conclusion that increasing structural
complexity drives the system toward chaotic spectral behavior.

(b)

(a)

P
↼s
↽

P
↼s
↽

Fig. B1. Nearest-neighbor spacing distributions P(s) of model (b)
[panel (a)] and model (c) [panel (b)] fitted with the Brody distribution.
The gray histograms represent the numerical data, while the red curves
show the best Brody fits with β = 0.583 for model (b) and β = 0.879
for model (c). The black dashed and solid lines denote the Poisson and
GOE predictions, respectively.

Acknowledgements
This work was supported by the National Natural Sci-

ence Foundation of China (Grant Nos. 11775100, 12247101,
and 11961131009), the Fundamental Research Funds for
the Central Universities (Grant No. lzujbky-2025-jdzx07),

060510-7



Chin. Phys. B 35, 060510 (2026)

the Natural Science Foundation of Gansu Province (Grant
Nos. 22JR5RA389 and 25JRRA799), and the ‘111 Center’
under Grant No. B20063. X.Z. acknowledges financial sup-
port from the China Scholarship Council (Grant No. CSC-
202306180087).

References
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