symmetry

Review

Systematically Constructing Mesoscopic Quantum States
Relevant to Periodic Orbits in Integrable Billiards from
Directionally Resolved Level Distributions

Yung-Fu Chen *, Song-Qing Lin !, Ru-Wei Chang !, Yan-Ting Yu ! and Hsing-Chih Liang 2

check for
updates

Citation: Chen, Y.-F; Lin, S.-Q.;
Chang, R.-W,; Yu, Y.-T.; Liang, H.-C.
Systematically Constructing
Mesoscopic Quantum States Relevant
to Periodic Orbits in Integrable
Billiards from Directionally Resolved
Level Distributions. Symmetry 2023,
15,1809. https://doi.org/10.3390/
sym15101809

Academic Editors: Olga Kodolova,
Tomohiro Inagaki and Alberto

Ruiz Jimeno

Received: 24 August 2023
Revised: 16 September 2023
Accepted: 21 September 2023
Published: 22 September 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Electrophysics, National Yang Ming Chiao Tung University, Hsinchu 30010, Taiwan;
songqinglin634.sc11@nycu.edu.tw (5.-Q.L.); ttkhine.sc11@nycu.edu.tw (R.-W.C.);
yentingyu0204@nycu.edu.tw (Y.-T.Y.)

Institute of Physics, National Yang Ming Chiao Tung University, Hsinchu 30010, Taiwan;
hcliang@nycu.edu.tw

Correspondence: yfchen@nycu.edu.tw

Abstract: Two-dimensional quantum billiards are one of the most important paradigms for exploring
the connection between quantum and classical worlds. Researchers are mainly focused on nonin-
tegrable and irregular shapes to understand the quantum characteristics of chaotic billiards. The
emergence of the scarred modes relevant to unstable periodic orbits (POs) is one intriguing finding in
nonintegrable quantum billiards. On the other hand, stable POs are abundant in integrable billiards.
The quantum wavefunctions associated with stable POs have been shown to play a key role in ballistic
transport. A variety of physical systems, such as microwave cavities, optical fibers, optical resonators,
vibrating plates, acoustic waves, and liquid surface waves, are used to analogously simulate the wave
properties of quantum billiards. This article gives a comprehensive review for the subtle connection
between the quantum level clustering and the classical POs for three integrable billiards including
square, equilateral triangle, and circular billiards.

Keywords: integrable quantum billiards; classical periodic orbits; level clustering

1. Introduction

Harmonic oscillators are universally recognized as one of the most important paradigms
for exploring quantum-classical correspondence. Under the paraxial approximation, the
transverse part of the wave equation for spherical cavities can be mathematically analogous
to the Schrodinger equation for two-dimensional (2D) harmonic oscillators [1]. Accord-
ingly, various high-order transverse modes can be generated with the specially designed
spherical laser cavities to analogously manifest the quantum wave function. The eigenfunc-
tions of 2D quantum harmonic oscillators can be solved as the Hermite—Gaussian (HG)
functions in rectangular coordinates or the Laguerre-Gaussian (LG) functions in polar
coordinates [2]. The selectively diode-end-pumped solid-state lasers have been widely em-
ployed to generate both HG and LG functions from ground order to very high order [3-7].
Additionally, the same laser technology was exploited to generate the so-called geometric
modes in the degenerate cavities, which clearly revealed the ray-wave duality in the spatial
domain [8,9]. In mesoscopic quantum phenomena, the degeneracy of energy levels was
found to play an important role in the connection between the conductance fluctuation and
the classical periodic orbits (POs) [10]. Similarly, the emergence of geometric modes was
verified to originate from the degeneracy of eigenfrequencies in laser resonators [11,12].
The Lissajous stationary modes are one of the most remarkable geometric modes generated
from the astigmatic laser cavities. Theoretically, the Schrédinger coherent state for the
one-dimensional (1D) harmonic oscillator can be straightforwardly extended to the 2D
harmonic oscillator to obtain the stationary coherent states that exactly spatially correspond
to the Lissajous figures.
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Additionally, 2D quantum billiards are another pedagogical model for comprehend-
ing the connection between quantum and classical worlds. Various dynamical features
can be straightforwardly studied from the model of quantum billiards by changing the
geometry. One main branch of research on billiard systems is focused on nonintegrable and
irregular shapes to understand the characteristics in the field of quantum chaos [13-20].
Classically, the chaotic nature renders all the orbits in a chaotic system as being unstable.
An interesting finding in nonintegrable quantum billiards is the emergence of eigenstates
on unstable POs, called scarred modes [21-23]. Quantum scars have been searched and
analyzed in mesoscopic systems [24-34]. Due to the similarity of the equations for different
types of waves, scars have been observed in microwaves [35—41]. Quantum scars have not
only been confirmed from the accumulation of spin—orbit-coupled atomic gases for specific
energies [42] but also generated in the 2D harmonic oscillators with local impurities [43—45].
Furthermore, quantum many-body scars have been hypothesized to cause weak ergodicity
breaking and the unexpectedly slow thermalization of cold atoms [46-55]. The similar
phenomenon dynamical scar has also been experimentally found in a driven fraction sys-
tem [56]. Nevertheless, the overall number of scarred modes is quite few. The eigenstates
in nonintegrable billiards are mostly widely distributed in the coordinate space [13], often
exhibiting common features of quasi-linear ridge structures [57].

Compared with non-integrable billiards, stable POs are generally abundant in inte-
grable billiards with symmetrical shapes [11,16,58-75]. The quantum wavefunctions as-
sociated with stable POs have been found to play a key role in ballistic transport [76-79],
quantum pointer states and decoherence [80-95], universal conductance fluctuations [95-99],
and chaos-assisted quantum tunneling [100-104]. Ballistic transport means that the mean
free path of the particle is significantly longer than the size of the medium through which
the particle travels. In addition to microwave cavities, quantum billiards can be analogously
explored with the wave systems including optical fibers [105,106], optical resonators [107-116],
vibrating plates and acoustic waves [117-123], and liquid surface waves [123-128]. Notice-
ably, it has been confirmed that the vertical-cavity surface-emitting lasers (VCSELs) with a
unique longitudinal wave vector k, and the lateral oxide confinements can be modeled as
2D wave billiards with hard walls. To be brief, theoretical research on quantum billiards
was intensively performed in the last century, and later, some researchers’ interests shifted
to applied fields such as laser resonators.

The relationship between level dynamics and spectra of chaotic systems can be found
in a recent review given by Zakrzewski [129]. In this article, we thoroughly review the
subtle connection between the quantum level clustering and the classical POs for three
integrable billiards including square, equilateral triangle, and circular billiards. The equi-
lateral triangular billiard is the representative of non-separable systems, and the circular
billiard is the highest symmetry in polar coordinates. We systematically overview the direc-
tionally resolved energy spectra to manifest the phenomenon of quantum level clustering
in integrable quantum billiards. We numerically demonstrate that the superposition of
the eigenstates in the vicinity of level clustering can be exactly localized on the classical
PO. Furthermore, we review that the trajectory equations relevant to classical POs can be
analytically derived from the superposed quasi-stationary quantum states. In numerical
calculations, popular mathematical software packages such as MATLAB 6.0 R12, MATHE-
MATICA v.6 can help students easily compute the spatial patterns of mesoscopic quantum
states in this work.

Pedagogical descriptions of various one-dimensional (1D) quantum mechanical prob-
lems have been the fundamental ingredients in textbooks for understanding such topics
as transmission and reflection from square barriers and eigenstates in square wells. An
interesting extension should be the study of the energy eigenvalues and eigenfunctions
in integrable 2D billiard systems. Previously, Robinett [75] has given a review for the
time evolution of Gaussian wave packets in integrable 2D billiard systems to discuss the
existence of revivals and fractional revivals and the connection between classical period
and revival time in the energy eigenvalue spectrum. Nevertheless, the systematic reviews
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for the spatial distributions of mesoscopic quantum states relevant to classical POs have
never been given so far. The connections between the spatial distributions of mesoscopic
quantum states and the POs of classical billiards have become feasible not only with ob-
servations in ballistic microstructures but also with analogous observations in optical and
laser systems. This review provides the important manifestation of mesoscopic quantum
states relevant to classical POs in integrable billiard systems. More intriguingly, the relative
simplicity of quantum-classical connections can be easily placed in the undergraduate and
graduate curricula.

2. Quantum Billiards

The quantum analogy of a classical billiard is called a quantum billiard. For the
classical billiard with the 2D region denoted by R, the corresponding potential in quantum
mechanics is given as
0 inR
oo otherwise

Vi) = { )
The time-independent Schrodinger equation for the potential defined in Equation (1)
can be expressed as the Helmholtz equation:

{ (%+%+k2)¢(x,y)=o in R o)
¢P(x,y) =0 on the boundary of R

where k = (2uE/ ﬁ)l/ %,Eand u are energy and mass of the particle, and # is the reduced
Planck’s constant. The homogeneous Dirichlet boundary condition is given due to the
condition of V' = cc. To be brief, quantum billiard is defined using the Helmholtz equation
in R with the Dirichlet boundary condition.

3. Square Billiard

The spatial distributions of quantum wave functions corresponding to classical POs [76-79]
have been an intriguing phenomenon in open ballistic cavities. Semiclassical PO theory has
been used to explain the scarred wave functions in chaotic billiards [21-23]. Nevertheless,
it is pedagogically useful for comprehending the quantum-classical correspondence in
mesoscopic physics to fully develop the connection between quantum eigenfunctions and
classical POs in integrable systems. One of the simplest integrable billiards is the square
billiard [11]. In a square billiard, each family of POs can be specified with three parameters
(p, 9, and ¢), where p and g are two positive integers describing the number of reflections
with the horizontal and vertical boundaries, and ¢ (—7 < ¢ < 7) is associated with the wall
positions of specular reflection points [11,65]. Alternatively, the parameter ¢ may also be
linked to the starting point of the classical particle. Figure 1 depicts some examples for POs
in a square billiard. The trajectory can be seen to constitute a single, non-repeated orbit
when p and g are co-prime. When p and g have a common factor m, the trajectory is an orbit
family that corresponds to m primitive POs with indices of (p/m, q/m, and ¢/m).

For a square billiard with the region in 0 < x,y < a, the eigenfunctions are given as

Pmn(x,y) = %sin(%x) sin(%y) (3)

where the quantum numbers m and 7 are positive integers. The eigenvalues corresponding
to the eigenfunctions ¢y, »(x, ) are given using E(m,n) = h?k2, ,/(2u), where the wave
numbers k, , are expressed as

km,n = E V m2 +n? (4)

a
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Figure 1. Some examples of orbit families in square billiard.

Figure 2 shows the wave patterns |, (x,y) |2 for several sets of quantum numbers
(m,n). From Bohr’s correspondence principle, the classical limit of a quantum system
should be asymptotically obtained when the quantum numbers are sufficiently large.
However, the conventional eigenfunctions of a square billiard cannot reveal the features of
classical POs no matter how large the quantum numbers are. The quantum states relevant
to the classical POs have been verified to be the superpositions of the nearly degenerate
eigenstates. For a given central order (m,,1,), the nearly degenerate condition can be
derived from the differential of the eigenvalue function E(m, n) given as

AE(1, 1), 0, = (OE/m] )+ (OE /0, )l 5)

Setting dE(m,n)l,, , = 0leads the tangent of the constant-energy contour as

_dn oE/oml,, . _ My
dm — OE/onl|, . 1o

(m,n)=(1,1) (m,n)=(2,2) (m,n)=(3,3) (m,n)=(4,4)

(m,n)=(5,5) (m,n)=(6,6)

(6)

~Lbdh b2 A 2 0 D

m,n)=(7,7) (m,n)=(8,8)

Figure 2. Wave patterns for eigenstates |, (x,y) |2 for several sets of quantum numbers (11, 1) of
square billiard.
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Since both quantum numbers (m, 1) are positive integers, the slope —dn/dm must be
a rational number. From Equation (6), the nearly degenerate condition can be generalized
as m,/n, = q/p, where p and q are coprime positive integers. Figure 3 depicts the spectrum
km,n as a function of the ratio m/n for a square billiard with 1 < m, n < 700. The spectrum
conspicuously reveals that the eigenvalues are clustered in the vicinity of m/n = q/p to
form valley structures. Clustering means that levels with very different quantum numbers
have very similar energies. From the condition m, /n, = q/p, the central eigenstate for the
coherent superposition can be in terms of a single parameter N as m, = gN or n, = pN.
The slope —dn/dm = q/ p signifies that the quantum numbers for the nearly degenerate
eigenstates around the central mode can be given using m = gN + pK and n = pN — gK
with the integer index K in a small range. Consequently, the coherent superposition of the
nearly degenerate eigenstates around the central mode can be generalized as

1 Mo
R0 = oy L, e ™

where ¢ is the phase factor in the range of —7r < ¢ < 7 and (2M + 1) means the total
number of the superposed eigenstates. Note that the parameter ¢ corresponds to the
starting point of the classical particle shown in Figure 1. Under the circumstance of
N >> M, the eigen-energies of the superposed eigenstates can be confirmed to be close to

2
a constant energy. Figure 4 illustrates the wave patterns “I’g\’;ﬂ (x,y;9) ‘ calculated using
Equation (7) with N =100, M =5, and ¢ = 71/2 for eigenstates clustered around the indices

(p,q) shown in Figure 3. The wave patterns of “I’%’Z/} (x,y;¢) ‘2 are evidently localized on the
classical POs. The velocity direction of the trajectory can be straightforwardly determined
with the relation of ky/k, = m/n = gq/p. By way of explanation, the wave function in
Equation (7) is not a strictly stationary state since the eigenstate components are not exactly
degenerate for the Hamiltonian H. Nevertheless, AH/ < H > will rapidly approach to
zero as N — co for a small M. Therefore, the coherent state in Equation (7) can be regarded
as a quasi-stationary state in the mesoscopic region.
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Figure 3. Directionally resolved level distribution k;, ,, as a function of the ratio m/n with 1 < m,n <700
for manifesting the level clustering relevant to classical POs.
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q/p=1/4 q/p=1/3 q/p=1/2

q/p=2/3 q/p=1/1

2
Figure 4. Wave patterns for quasi-stationary coherent states "F%ﬂ (x,y;¢) ‘ calculated using Equa-
tion (6) with N =100, M =5, and ¢ = 71/2 for eigenstates clustered around the indices (p, ¢).

The trajectorial equations for POs can be derived from the quantum coherent state in
Equation (7) for the central maximum of the wave intensity. Using the identity
sinf = (e —e~%)/(2i), the representation of the coherent state in Equation (7) can be
organized as

YW ye) = &[N CYDY(OF (1) +¢) +e NN Dy (OF (v,y) — ¢)]

o o ®)
*zlj[eNeg(x’y)DM(@)f(X,y)+¢)+e N@S(x,y)DM(@;(x,y),(P)]

where 1 M
Dpy(0) = ——
m®) = e K:Z_;M

@g,'[(x,y) = 71(qx £ py)/a and OF (x,y) = 7(px + qy)/a. The function Dy;(8) in Equation
(9) is the Dirichlet kernel that exhibits the periodic maxima of the intensity at § = 2n7
for any integer n. Using the periodic maximal characteristic of the Dirichlet kernel, the

eiK@ (9)

parametric equations for the central maxima of the intensity "I’;’]’,’g/){ (x,v; ) ’2 can be gener-
alized as A x + By £ ¢ = 2nm, where —A /B = 1 represents the slope. From Equation (8)
and @i (x,y) = 7(px £ qy)/a, the slopes for all parametric equations can be found to be
two cases of = +p/q. Furthermore, all parametric equations can be confirmed to exactly
correspond to the trajectorial lines of classical POs in a square billiard. The initial position
(%0,Y0) and the velocity (vy, vy) in classical dynamics can be linked to Equation (8) using
the condition of A x, + B y, &= ¢ = 2n7 as well as v, /vy = (dy/dt)/(dx/dt)|xo,yo = 1.
From the result of 7 = £p/q, the velocity (vx,v,) can be verified to be consistent with
the classical dynamics vy /vy = p/q. To sum up, the trajectorial equations for the classical
POs can be analytically extracted from the quantum coherent states in Equation (7). It is
worthwhile to mention that the lines of the phase functions @; (x,y) and the lines of the

trajectorial functions @; (x, y) in Equation (8) are mutually orthogonal.

4. Equilateral Triangular Billiard

Square billiard is a classically separable and integrable system, whereas the equilateral
triangle billiard is an integrable but non-separable system. In theory, the correlation
between the quantum level clustering and the classical POs was deeply discussed from the
representation of the quantum coherent states. In experiments, the oxide-confined VCSEL
devices were fabricated in the shape of an equilateral triangle to analogously manifest the
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quantum level distribution and the spatial features of the wave functions. For an equilateral-
triangular billiard with three vertices at (0,0), (a/2, V3a/ 2), and (—a/2, V3a/ 2), the
eigenfunctions are given using [62,130]

Pih(os) = 7385 {cool B am —nja]sin( )
— cos[3Z(2n — m)x] Sin(\zfimy) (10
+ cos[—% 2n Z(m+n)x ]sm[%( *”)y}}

Pihoy) = /s {sin[3E @m — n)x] sin( 2 ny)

—sin[4Z (2n — m)x] sin(\zf—”my) (11)
+sin[— 22 (m + n)x] sm{%ﬂ (m— n)y} }

where the quantum numbers m and # are nonnegative integers, and the superscripts (0) and
(e) denote the two types of degenerate modes with odd and even symmetries, respectively.

The eigenvalues corresponding to the eigenfunctions 1,b,(,f ,)n (x,y) and 1[1,(,;)),1 (x,y) are given
using E(m,n) = h?k3, ,,/ (211), where the wave numbers k;, , are expressed as

4
kimn = T n? —mn (12)

3a

2
Figure 5 shows the wave patterns of ‘w,ﬁf}n (x,y) ‘ for several sets of quantum numbers
2 2
(m,n). Since the wave patterns for ’lpr(,fr)n(x,y)’ and ‘lpﬁ,f,)n(x,y)‘ are the same in the

2
spatial patterns, only the case of ‘¢£,f,)n (x,v) ‘ is presented in Figure 5. Due to the setting

of the equilateral triangle, all wave patterns can be found to be symmetric with respect
to the y axis. Like the results for a square billiard, the conventional eigenstates for an
equilateral-triangular billiard cannot exhibit the spatial properties of classical POs, even in
the correspondence limit of large quantum numbers.

V‘Q’W‘V

(m n)= (2 1) (m,n)=(4,2) (m,n)=(6,3) (m,n)=(8,4)

(mW=(10,5) (M,n=(12,6) (m,n)=(14,7) (m,n)=(16,8)

2
Figure 5. Wave patterns for eigenstates )1/;,(45 ,)n (x,y) ’ for several sets of quantum numbers (m, 1) in
equilateral triangle billiard.

The eigenfunctions 1/1,(15,)” (x,y)and 1,0,(,;7),1 (x,y) in Equations (10) and (11) are the standing-
wave representation. The traveling-wave representation is more convenient for construct-

ing the coherent states relevant to classical POs. In terms of lPS:,)n (x,y) and 1/},(,10),4 (x,y), the

traveling-wave representation is given using l,l),(ﬂin) (x,y) = lp,(,f)n (x,y) £ itp,(,f,L (x,y) , where
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the symbols (+) and (—) denote the forward and backward characteristics, respectively.
. (+) . .
Consequently, the wave functions for ¢, , (x,y) can be given using

Yo (x,y) = [ {exp[ i%E (2m — n)x] sin( Zny)
—exp [+ i3Z(2n — m)x] sin(%my) (13)

+exp|F 123—7;(171 + n)x| sin[%(m - n)y} }

Note that l/)r(,fn) and 1/1,([72 form a conjugate pair with identical spatial patterns. Again,
the quantum coherent states related to the classical POs can be formed via superposition of
the nearly degenerate eigenstates. As discussed in the case of square billiard, the nearly
degenerate condition for equilateral triangle billiards with the central order (m,,n,) can be
given using

dn _ OE/dml, . 2m,—n,

Cdm oE/on|,, T 2n, — m, (14)

Since the slope —dn /dm needs to be a rational number, the nearly degenerate condition
in Equation (14) can be generalized as (2m, — n,)/(2n, — m,) = q/p with p and g being
coprime positive integers. Figure 6 depicts the spectrum k;, , as a function of the ratio
(2m —n)/(2n — m) for an equilateral triangle billiard with 1 < m, n < 700. The eigenvalues
can be seen to be clustered in the vicinity of (2m —n)/(2n —m) = q/p to display the
valley structures. Obviously, the level clustering is certainly accompanied by the emergence
of the gap. From the condition (2m, —n,)/(2n, — m,) = q/p, the central eigenstate for
the coherent superposition can be given by m, = (29 + p)N and n, = (2p +q)N with a
single parameter N. Combining with —dn/dm = q/p from Equation (14), the coherent
superposition of nearly degenerate eigenstates around the central mode can be expressed as

M
CEPA) () = —© <Ko (+)

T (v ) = M+ 1 K;’Me P lagtp)N oK 2p-tg)N—qk (X Y) (15)
where ¢ is the phase factor in the range of —7 < ¢ < 7. Under the circumstance of
N >> M, the eigen-energies of the superposed eigenstates can be found to be nearly a
constant energy of

(16)

807

805

L AT ST AL
. ®eq

803

801

k,, (a/7m)

799

797

795 : 2. % : P ! ') - () : Ol ) ry
03 | 04 05 06 0708091 § 2 3 4 5

(2m-n)/(n-2m)

Figure 6. Directionally resolved level distribution ky, ,, as a function of the ratio (2m — n)/(2n — m)
with 1 < m,n <700 for manifesting the level clustering relevant to classical POs.
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2
(p q)(x, v 4))‘ calculated using Equation (15)

Figure 7 illustrates the wave patterns of )‘I’
with N =100, M =5, and ¢ = 71/2 for eigenstates with the indices (p, q) shown in Figure 6.
2
The wave patterns of |¥ (+ p ) (x,y; cp)’ can be seen to be precisely concentrated on the
classical POs. Since ‘I’g\] ¥4 ) (x,;¢) and ‘I’;;I’\Z’q) (x,y; ¢) form a conjugate pair, the spatial
patterns are completely identical.

q/p=1/3 . q/p=1/2

2
Figure 7. Wave patterns for quasi-stationary coherent states “Fg\fl\ﬁq) (x, y;(p)‘ calculated using
Equation (15) with N =100, M = 5, and ¢ = 7r/2 for eigenstates clustered around the indices (p, g).

The same as in the case of a square billiard, the trajectory equations for POs can
be derived from Equation (15) from the central maximum of the wave intensity. Using

sin® = (e® — ¢=)/(2i), the representation in Equation (15) can be organized as
¥ (5 yi9)
.- .
= [ A [N D (1, 9)) — MO Dy (@ (x,1,9)) 7)
feiNQSTZ("'y)DM((EE(x, v,9)) + ¢ NOp(x) Dm(®,(x,y,9))
1 oNOG(xy) D (©%5(x,y,9)) _NO )y, (©5(x, y,gb))}
where -
05 (x,y) = [qx + f } (18)
21 g+p
Oh(xy) = o |prt B, (19)
+ _ 2 ( -7
®g3(x’y) - a (p+q) \[ y (20)
2 [ (2p +
@1 (x,y,¢) = m[(pﬁq)xwy] +e (21)
2 [—(29+p) }
OL(x,y,0) = — | - P x4+ py| + 22
n(xy,9) \/§a[ 5 YER| e (22)

O;5(x,y,¢) = \fa [w\g’)xi (P+q)y] +¢ (23)
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The representation for ‘EIE’( ’p’q) (x,y; ¢) can be given using the conjugate of ‘{’( o ) (x,y;9).

Using the maximal feature of the Dirichlet kernel, the parametric equations for the central
maxima of ‘YH ) ‘ can be deduced as @fc].(x, y,¢) = 2nm with j = 1,2,3. Consequently,
the classical POs of the equilateral-triangular billiard can be confirmed to be constituted by
six independent line equations with different slopes. Using the form A;x + Bjy + ¢ = 2n7
to express the trajectory equations, the slopes can be generalized as —A;/B; = +7; with
m = (2p+q)/V3q,m = (p+29)/V3p, and 53 = (p—q)/V3(p + q). Similar to the
quantum coherent state for a square billiard, the lines of the phase functions @;t i (x,y) and
the lines of the trajectorial functions @ti]. (x,y) in Equation (17) are mutually orthogonal for
j =1,2,3, respectively.

5. Circular Billiard

Circular billiard is another pedagogical paradigm in classically separable and inte-
grable systems. The azimuthal and radial components of the eigenfunctions of a circular
billiard are the form of exp(im¢) and the Bessel function of the first kind, respectively. Heli-
cally phased light beams with the azimuthal phase form of exp(im¢) are well known to carry
an orbital angular momentum (OAM) of mm per photon, where m is an integer [131,132]. In
ray dynamics, the function of a circular billiard is the same as the transverse confinement
of a cylindrical waveguide for light. Consequently, the propagation-invariant solutions of
the Helmholtz equation in a cylindrical waveguide can be in terms of the Bessel beams
with well-defined OAM [133]. The OAM or optical vortex (OV) of light has been widely
used in numerous applications, such as generating OAM-entangled photon pairs [134,135],
trapping and rotating micron and submicron objects [136-138], generating astrophysi-
cal OAM light [139], assembling DNA biomolecules [140], OAM-based microscopy and
imaging [141], super-diffraction limit imaging [142], and optical communication [143].

The eigenstates in polar coordinates for a circular billiard with radius R are given using

1/2

]m(km,nr)\/%refme (24)

where m € Z, n € N, and ], (®) are the Bessel functions of the first kind with order m. The
quantum numbers m and n are the quantization of the azimuthal and radial oscillations,
respectively. The eigenvalues for ¢, ,(r,0) are given using ky, , = Xy, /R with R = a/2,
where x,, , is the nth zero of ], (x) and a is the billiard diameter. Figure 8 shows the wave

2
Yun(r,0) = [R2]m+1( ki nR)

patterns for the function |Re[¢,,» (7, 0)] |2 with different quantum numbers (1, n). Here, the
real part of the eigenfunction ¢, (7, 0) is purposely used for revealing the nodal structures
in the radial and azimuthal directions associated with the indices n and m, respectively.

(m,n)=(5,1) (m,n)=(5,2) (m,n)=(6,3) (m,n)=(8,4)

(m,n)=(10,5) (m,n)=(12,6) (m,n)=(14,7) (m,n)=(16,8)

Figure 8. Wave patterns for the functions of Re[¢y, » (7, 0)] with different quantum numbers (1, n) for
circular billiard.
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Unlike square and equilateral triangular billiards, the nearly degenerate condition
for a circular billiard cannot be straightforwardly derived from the eigenvalues k;, , deter-
mined with Jy, (kp,»R). The Wentzel-Kramers—Brillouin (WKB) method was nicely used to
analytically obtain the nearly degenerate condition for a circular billiard. The eigenvalues
km,n derived from the WKB method is given using [144]

R
k2, .(R? —R3?) — mcos ! <R0) = (n + z> 7T, (25)

where R, is the shortest distance to the center for a wave inside the billiard. The relation-
ship between R, and k;;» can be connected from both the quantum and classical OAM
theories. From the quantum momentum #ky, ,, the semiclassical OAM can be expressed as
L, = R, (hkp,). On the other hand, the quantum OAM can be directly in terms of the
azimuthal quantum number as L, = mh. Consequently, the relationship between R, and
ki, n can be given using Roky;,» = m. In classical ray dynamics, the distance R, for a periodic
orbit with indices (p, 4) can be found to be R, = Rcos(p7t/q), where g is the number of
turning points at the boundary during one period and p is the number of windings during
one period. Using R, = Rcos(p7t/q) and Roky,, = m, Equation (25) can be rewritten as

kmaRsin(prt/q) = (Zm+n+i>7‘c (26)

Equation (26) indicates that the eigenstates ¥, gk n,+pk With K € Z can constitute a
family of nearly degenerate states for m, >> |gK|. From R, = Rcos(prt/q), Rokmn = m,
and R = a/2, the relationship between the ratio p/g and ky; , can be given using

1 i 2m\ _p
Ecos (k> = (27)

mna q

In other words, the parameter 77! cos™![21m/ (ky,»a)] can be used to manifest the
connection of the quantum level distribution and the classical POs. Figure 9 illustrates
the spectrum ky, , versus the parameter 77! cos ™! [2m/ (km,na)] for a circular billiard with
1 < m,n < 700. The spectrum k;;, can be found to be clustered with the conditions
in Equation (27) to be satisfied. Just like square and equilateral triangle billiards, the
level clustering is certainly accompanied by the appearance of the level gap. Namely,
the eigenvalues k;;, , constitute the structure of energy shells in each neighborhood of the
central state with ky,, ,, = m,/[Rcos(pr/q)], corresponding to the emergence of sharp
peaks in the density of states [145].
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Figure 9. Directionally resolved level distribution k, , versus 71 cos ™1 [2m/ (ky, »a)] with 1 < m,n < 700
for manifesting the level clustering relevant to classical POs.
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Once again, the manifestation of classical POs in quantum systems can be fulfilled by
exploiting a coherent superposition of the eigenstates belonging to the same shell of the
spectrum. In terms of the nearly degenerate eigenstates ¢, 4k n,+pk and the phase factor
¢, the coherent states for circular billiards can be expressed as

M
P4 (o) — i gk
¥ 7,0,0) = ——— eHaKe _ r,0). 28
m(,,M( 4)) M + 1K:Z—M Y, qK,nnerK( ) (28)
2
Figure 10 shows the wave patterns “I’%%(r, 0; 4))‘ calculated with m, = 100, M = 2,
and the different sets of parameters (p,q) and ¢ = 0. As expected, all the wave patterns

2
“1’550% (r,6;¢) ‘ of the coherent states are precisely concentrated on the classical POs.
plq=1/6 plg=1/5 plg=1/4

/

{ \ )

2
Figure 10. Wave patterns for quasi-stationary coherent states “I’gﬁ% (r,6;¢9) ’ calculated with m, = 100,

M =2, and different sets of parameters (p,q) and ¢ = 0.

Logically, the trajectory equations for classical POs can be extracted from the quantum
coherent states in Equation (28). However, the extraction cannot be the same as the cases of
square and equilateral triangular billiards to be reached straightforwardly. The derivation
for the trajectory equations needs to be skillfully used for the integral representation,
the asymptotic form, and the boundary condition for the Bessel functions. The integral
representation for the Bessel functions of the first kind is given using [146]

L (7 iosind —imd
—_ 0 sin im
Jm(p) 27r/7ne e Mo (29)
Using the boundary condition [, (km,R) = 0 and the asymptotic form J,(z) =~
(2/mz) cos[z — (2m + 1)t /4] for z — oo, the coefficient related to the normalization
constant in Equation (24) for high-order modes can be approximated as

2
R2J% 44 (ki R)

vz p
— m,n 30
V2 2R (30)

Substituting Equations (29) and (30) into Equation (24), the high-order eigenstates
Pm,n(r,0) can be expressed as

/ T, o
lpm,n(r,G) _ kzml,; %/77-[6 i Ky sin® ,im(0—10) 1.9 (31)




Symmetry 2023, 15, 1809

13 0f 18

Note that the eigenfunctions in Equation (31) are still exact for a circular billiard, and
the only one approximation is the normalization constant. In substitution of Equation (31)
into Equation (28), the quantum coherent states can be expressed as

kmn 1 l TSll’l lm -
F(r,0:9) =\ et [/ Fnosor Sin(E40-9) o=imo(@~4) Dy (ge)dg | (32)

where the integration variable is changed to be { = ¢ — 6 4 ¢, and Dy;(g¢) is the Dirichlet
kernel given using Equation (9). Since Dy;(g¢) is a periodic pulse function with period
27t/q for the variable ¢, the integration in Equation (32) on the range [—, 71| can be
divided into g segments with the integration interval shortened on the range [—71/q, 7/q].
Consequently, the quantum coherent state in Equation (32) can be rewritten as

) (1 9oy — 1) K 1
Fonm(r0:0) =\ 55 2

rr/q

Aslongas (2M +1)g >> 1, the Dp;(g¢) can display a narrow peak concentrated in a
small region of —A < ¢ < A with the effective width of A = 7/[q(2M + 1)]. By using the
small angle approximation, the sine term in Equation (31) can be given by

sm(é—l—@—i—zqﬂs—(l’)%CCOS<6+2;TS—4’)+51H<9+2;TS_4’> (34)

From Equation (34) and the relation ky;, », = M,/ R,, the quantum coherent state in
Equation (33) can be organized as

] o |
Y09, (r,0:0) = |/ 2 ZHZ { o1 Ousp) [ ot £Oul0) meé)dé} (35)

where

@g,s(f’, 0;¢) = R—O sin (6 + 2;5 - (p) - (ZZS - 4)) (36)

Os(r,0;¢9) = RL cos (9 + Zqﬂs — (p) -1 37)

To derive an analytical form, the kernel Dys(qa) is further approximated as a gate
function whose values are unified in the interval [—A, A] and vanish outside. Accordingly,
the integration in Equation (35) can be simplified as

(p4) : — 0
Yoot (1,0,9) = (ZM-:i)RROq

-1
% sgo eliﬂg@qs (1.6;¢9) sinc |:q(2M+1) @f s (r 0; (p):|

(38)

where sinc() = sin(x)/x is the sinc function. Since the central maximum of the sinc(x)
function occurs at y = 0, the parametric equations for the central maxima of the quantum
coherent states in Equation (38) can be confirmed using ®;(,6;$) = 0. Therefore, the
trajectory equations for classical POs of a circular billiard can be specifically given using
rcos(6 +6; —¢) = R, with 6s =27s/gands =0,1,...,9 — 1.

6. Conclusions

We systematically review the connection between the clustering of quantum levels and
the emergence of classical POs for three integrable billiards including square, equilateral
triangle, and circular billiards. The equilateral triangular billiard is the representative
of non-separable systems, and the circular billiard has the highest symmetry in polar
coordinates. One review is to demonstrate that the quantum level clustering can be
clearly manifested from the directionally resolved level distributions relevant to classical
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trajectories. Furthermore, we have overviewed that the superposition of the eigenstates
near the level clustering can lead quasi-stationary coherent states to be perfectly localized
on the classical POs for three integrable billiards. The process of extracting the trajectory
equations for classical POs from quantum coherent states has been thoroughly presented.
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