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Abstract: We study the mechanism of scarring of eigenstates in rectangular billiards with slightly
corrugated surfaces and show that it is very different from that known in Sinai and Bunimovich
billiards. We demonstrate that there are two sets of scar states. One set is related to the bouncing
ball trajectories in the configuration space of the corresponding classical billiard. A second set of
scar-like states emerges in the momentum space, which originated from the plane-wave states of
the unperturbed flat billiard. In the case of billiards with one rough surface, the numerical data
demonstrate the repulsion of eigenstates from this surface. When two horizontal rough surfaces
are considered, the repulsion effect is either enhanced or canceled depending on whether the rough
profiles are symmetric or antisymmetric. The effect of repulsion is quite strong and influences
the structure of all eigenstates, indicating that the symmetric properties of the rough profiles are
important for the problem of scattering of electromagnetic (or electron) waves through quasi-one-
dimensional waveguides. Our approach is based on the reduction of the model of one particle in the
billiard with corrugated surfaces to a model of two artificial particles in the billiard with flat surfaces,
however, with an effective interaction between these particles. As a result, the analysis is conducted
in terms of a two-particle basis, and the roughness of the billiard boundaries is absorbed by a quite
complicated potential.

Keywords: scars; localization effects; quantum billiards; rough billiards

1. Introduction

Recently, there has been a sharp increase in articles discussing the occurrence of
ergodicity in physical systems, both classical and quantum [1-8]. This interest is due to
the practical problem of statistical description of the behavior of a closed many-particle
system whose equations of motion are strictly deterministic, that is, do not contain any
random parameters. For a long time, this problem was considered fundamental for the
justification of statistical mechanics, and it was assumed that its solution is associated with
the so-called ergodicity of the motion of the system under consideration. The classical
trajectory of ergodic systems densely and uniformly covers the entire phase space of the
system, as a result of which the time average value of any observable is equal to the phase
space average as time tends to infinity.

As a result of numerous attempts to prove this property in general terms for real
physical systems, it was realized that the proof is possible only for special systems. The
most well-known of such systems are the so-called scattering billiards, in particular, Sinai
and Bunimovich billiards, in which the trajectory of a particle due to multiple elastic
reflections from the walls is unstable for any initial condition except for special values
whose measure is equal to zero. Thus, the behavior of the system is determined by a single
trajectory, which makes it possible to speak of an ergodic type of motion.

It should be noted that the instability of motion in such billiards is exponentially strong,
at which the distance between two close trajectories grows, on average, exponentially fast
with time. When trajectories are reflected from the walls of the billiard, the so-called
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mixing occurs, as a result of which the motion becomes chaotic and indistinguishable from
random. Indeed, as already discussed by the Soviet physicist N. S. Krylov in his book [9],
the mixing is the main mechanism for the emergence of the most characteristic property
of the statistical behavior, namely, the relaxation of a system to statistical equilibrium.
Conversely, examples can be given when a given system is ergodic but its movement is
regular, meaning that the relaxation of the system occurs at infinite times, which does not
correspond to physical reality.

For quantum systems, the situation is much more complicated, since there is no rigor-
ous and generally accepted definition of quantum ergodicity. The only reliable situation
when one can speak of quantum ergodicity is for the systems that are fully ergodic in the
classical limit. Needless to say, there are just a few such systems. As an example of the “true”
quantum ergodicity, one can consider completely random matrices of large size for which
the theory is well developed. For such matrices, the components of the eigenfunctions are
Gaussian distributed, which is a property that is a consequence of the uniform distribution
of the eigenfunction vector over the surface of the N-dimensional sphere with N > 1. It
can be seen that in this case, the eigenfunctions are not only ergodic but also maximally
chaotic (random), see e.g., [10].

However, for realistic physical systems, many-body matrix elements in a physically
chosen basis, as a rule, are not completely random and fill only a band of finite width
(determined by a finite radius of interaction in the energy space). Therefore, one can
speak of ergodic eigenfunctions occupying only some energy shell of finite size. Clearly,
determining the shape and size of this shell is extremely difficult [11]. In any case, at the
moment, there is no unified theory of quantum ergodicity of isolated systems which takes
into account the influence of the finiteness of the energy shell.

Returning to systems with a small number of particles (small number of degrees of
freedom), for example chaotic billiards for which classical ergodicity is rigorously proven,
after several years of their study, it was found that many of the eigenfunctions are non-
ergodic even for very high energies [12,13]. In principle, such non-ergodic states do not
contradict Shnirel’'man’s theorem [14], according to which their number must decrease
with increasing energy. Numerical experiments with ergodic billiards have shown that
in many cases, these “scarring” states in the configuration space can be associated with
unstable periodic orbits, the number of which increases with energy. However, since these
trajectories are isolated, when averaged over infinite time, they do not contribute to the
mean values of the observables.

To date, there have been many papers that investigate the properties of many-particle
scarring states in various physical systems (see, for example, [15-21] and references therein).
The main interest is related to the mechanism for the emergence of such states immersed in
a set of ergodic states. In the case of quantum systems that do not have a corresponding
classical analogue, this issue becomes extremely complicated. It was found that the main
characteristic of such scars in the quantum description is a small number of components
of the corresponding eigenstates treated on some physically justified basis in comparison
with the large number of states that can be considered as ergodic. Thus, scars can be
defined as the localized states, associated with unstable periodic orbits when applicable,
and embedded into the set of the ergodic states. As a result of numerous studies of quantum
many-body systems, it became clear that the typical mechanism for scars is the presence of
local symmetries of the system, which can correspond to the presence of local integrals of
motion [20,21].

Our interest in this article is to study the mechanism for the emergence of scar states
in rectangular billiards with rough horizontal surfaces. In these billiards, it is relatively
easy to trace their emergence since such systems can be considered close to integrable,
despite the fact that they are seem to be rigorously ergodic even for any weak boundary
roughness. Such billiards of finite size were under close investigation in view of surface
scattering in quasi-one-dimensional waveguides. The conventional theory of scattering
in the waveguides with a weak roughness was developed long ago; however, recently,
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researchers found a new mechanism of surface scattering which is due to the so-called
square-gradient roughness [22-25]. This mechanism was neglected in previous studies;
however, it should be taken into account when the correlation length computed along the
scattering profiles is very small. In particular, it was analytically shown that the scattering
properties strongly depend on the correlations between upper and lower horizontal profiles.
Specifically, the scattering is very different whether the two random profiles are symmetric
or antisymmetric. Our study also shows a quite strong dependence of the degree of
localization of the scar states on the type of correlations between the scattering profiles.

In Section 2, we describe the model under study, giving exact expressions for the
matrix elements of an effective Hamiltonian in close correspondence with the model. In
Section 3, we explain how we measure the degree of localization of the eigenstates in the
energy basis corresponding to non-interacting artificial particles and therefore to the billiard
with flat horizontal surfaces. In this representation, one easily identifies one set of scar states
related to classical trajectories which are parallel to the rough boundaries of the billiard.
We also show what these eigenstates look like in the configuration representation for one
rough surface. In addition, we demonstrate that there is another set of scar states related
to bouncing ball classical trajectories which are perpendicular to the rough boundaries of
the billiard. These states consist of many “unperturbed eigenstates”, which is in contrast
with those from the first set. In Section 5, we analytically show how the number of strongly
localized states from the first set, which corresponds to classical plane waves with the
longest perpendicular wavelength, decreases with energy. In Section 6, we study billiards
with two horizontal rough profiles and show how the structure of localized eigenstates
depends on whether the profiles are symmetric or antisymmetric. The main attention
here is paid to the effect of the repulsion of eigenstates from the corrugated surfaces. In
Section 7, we draw our conclusions.

2. Model of Rough Billiards

We consider billiards that are periodic in the longitudinal coordinate x, with Dirichlet
boundary conditions on the upper f; and lower f, surfaces,

fi = Ly+Widi(x),
fo = Waba(x). 1)

Here, L, is the average width of the billiard and &1 (x + Ly) = &1,2(x) with (§12(x)) = 0.
The angular brackets stand for the average over one period Ly or, in the case of a random
profile, over different realizations of ¢ 5 (x).

This model has been thoroughly studied in refs. [26-35] for the specific case
¢1(x) = cos(2mtx/Ly) and &r(x) = 0, the so-called “cosine” or “ripple” billiard [36]. The
main interest was in the properties of the energy spectrum [26,28] and in the quantum-—
classical correspondence for the shape of eigenstates (SE) and local density of states
(LDOS) [29-32]. It was shown that for highly excited states, the global properties of
the SES and LDOS in the quantum regime are similar to those described by the equations
of motion for a classical particle moving inside the billiard. On the other hand, quite strong
quantum effects have been revealed for individual eigenstates in a deep semiclassical
region [31,32].

In this paper, we address the case of billiards with rough surfaces,

Nr
Zip(x) = ) Ag cos(Zka>, )
k=1 x

focusing on the structure of eigenstates, see also [22-25,37-39]. The surfaces are modeled
by a large sum of harmonics Ay drawn from a flat random distribution defined in the
interval [—A, A] (with A such that |§1,(x)| < 1). With the increase of N, the degree
of complexity of ¢1,(x) also increases, and for Nt >> 1, the surfaces can be treated as
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random: see an example in Figure 1. In what follows, we focus on rough billiards with
N7 = 100. For simplicity, we choose & (x) = &2(x). In the first part of our paper, we review
the case of billiards with one flat boundary; that is W, = 0, see, e.g., Figure 1. Below, in
Section 6, we consider the billiards with two antisymmetric, W; = W;, and symmetric
surfaces, W; = —W.

y

L+ £,(x)

0+

| |
T — X

0 L

X

Figure 1. Example geometry for the rough billiard. fi(x) = Ly + Wi&i(x) and fo(x) = 0; see
Equation (1). Here, {3 (x) is given by Equation (2) with Ny = 30 and W; = L, /10. The harmonics
Ay used for &; (x) are drawn from a flat random distribution defined in the interval [—A, A] (with A
such that |&1(x)] < 1).

Originally, the model is described by the Hamiltonian

1 >

m “om!

H=_—(Pt+D)) = 9% +9;), 3)
for a free particle inside the billiard with rough boundaries (such that the corresponding
wave function ¥(x, y) obeys Dirichlet boundary conditions, ¥(x,y) = 0 aty = f1(x) and
y = f2(x)). However, in order to solve it numerically, it is useful to make a canonical
transformation to new variables in which the new Hamiltonian incorporates surface-
scattering effects into an effective interaction potential between artificial particles identified
with the two new degrees of freedom. This can be achieved by the transformation to new

canonical coordinates,

u = x,
fa(x) = fi(x)
As a result, the boundary conditions for the new wave function are trivial: ¥(u,v) = 0 at
v=0andv =1

The Schrodinger equation in new coordinates can be obtained from the covariant

expression for a particle moving (in the absence of potentials) in a Riemannian curved
space [40],

n? i 1/2
- EACW‘P(L{, v) = 7m8 0.8"Pg 0¥ (u,v), (5)
where the quantum Hamiltonian in covariant form [41] is
N 1 a4 A
0= 58 1/4Pag“ﬁg1/21’ﬁg /4 ©)

and the covariant momenta are

Py = —in [a,x + iaaln(g)] = —ihg 1/*9,g'/* . @)

Here, «, B = u, v, the operator Ay is the Laplace-Beltrami operator, g is the metric, and
¢"P is the metric tensor. The wave functions ¥ (1, v) are normalized as

L Ly
/ du / doTYTY =1. @®)
0 0
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Even though (5) is still the kinetic energy, the resulting differential equation takes a
much more complicated form than the ordinal Laplacian. This is the price to pay when
transferring the effect of the boundaries onto the operator. Then, by substituting in (6) the
explicit expressions for the metric tensor

1 o+ o)
fi—fa
g = ,
fio+f(1-0) 1+ [flo+ f1(1-0))
fi—f (fi—f2)?
where f , = 9f12(u)/9u, and the metric
§ = Det(gap) = (i — f2)°, )
we obtain
vV ) e e ap Lo AO—0)
L {P”(ﬁ A I
— [Pu(flo+ f(1 =) Py + Po(flo+ (1 —0)) P] Jg 1% (10)

Note that the rough boundaries f; » and their derivatives f; , are fully incorporated into
the Hamiltonian operator. ’

We remark that this representation allows us to treat the original model of one free
particle in the rough billiard as a model of two interacting “particles” identified with the
two degrees of freedom u and v, where the Hamiltonian (10) is separated as

A= HO—FV(U,U,ISLUPU) ’ (11)
with 1
CUG Y ) (12)

Here, P, = —ih [0y + (1/4)0,1In(g)], P, = —ihd,, and V stands for an effective interaction
potential between the “particles” u and v. In the following, we treat H° as the Hamiltonian
of two non-interacting particles. The eigenstates of F° define the unperturbed basis in which
the eigenstates of the total Hamiltonian A (u,0, b,, Pv) are expanded. Such a representation
turns out to be convenient for the study of the chaotic properties of the model, since one
can use the tools and concepts developed in the theory of interacting particles (see, for
example, [42,43]).
Now, we expand the ath eigenstate of energy E* as

Y (u,0) = ZZC%n%n(ulv) , (13)

where ¢y, (1, v) = (u, v | m,n) are the eigenstates of the unperturbed Hamiltonian AO(u,v),
and the indexes 7 and m are the quantum numbers corresponding to the u and v coordinates,
respectively. The function ¢y, (1, v) has to satisfy the boundary conditions of the problem
in order to form a Galerkin basis [44]. The eigenstates of A° are

1 ~ (mmo . 27tn
buun (11, 0) = A7 sm( L, )exp [z <k+ L )M] , (14)

with eigenvalues
2 2
mn m
(k+ Lx> + <Ly> ] : (15)
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Here, formally, —co < n < coand 1 < m < oo, but in practice, for the numerical computa-
tions, the unperturbed basis is truncated such that — Ny < 71 < Nyax and 1 < m < My
The factor 77— 1/2 g_l/ % in (14) arises from the orthonormality condition (8).

Then, we can solve the eigenvalue problem by diagonalizing the Hamiltonian (10) on
the basis ¢ (1, v):

Z,Z,Hmn,m’n’(Pm’n’(ur ’0) = E(Pmn(urv) ’ (16)

where the matrix elements are

Hypp iy = (mn|H|m'n'

hZ

L. Ly L. Ly X
[ [ 082 9] Scaolpw) = =5 [ au [ dva, [gha] 8725 0plgum).

Since the Hamiltonian (10) is periodic in u, its eigenstates are Bloch states. This allows
us to write the solution of the Schrédinger equation in the form ¥ (u, v) = exp(iku) ¥ (u,v),
with ¥y (u + Ly, v) = ¥ (u,v). Here, the Bloch wave vector k(E) is in the first Brillouin
zone, (—7t/Ly < k < 11/Ly). The statistical properties of eigenstates do not depend on a
specific value of the Bloch index k inside the band, exceptat k = 0 and k = 7 /Ly, so we
avoid these values of k in our numerical calculations.

Finally after some algebra, we obtain

h? '\ 2 m?m? 1 1
Hyp i = 2m{(k+ Ly > Ot Oy + —— Ly []1+]2+ (3+4 271—2>]3} mm'’

+i

e (o ) [l (o] + W ome-plb o an
where
ho= OLx dx exp[izLZ((nn’)x: (flfl/f]ézy
L o= OLX dx exp —iii:(n—n’)x: 7 1f2) ,
o= OL"dx exp —i?Z:(n—n’)x: 8:1 ;3 ,
[ .(;Lxdx exp izLZ[(nn’)x: flfﬁfz,
L OLx dx exp —izLZ[(n—n’)x: flf_{fz,
Jo = OLX dx exp —izLj(n—n’)x: ((?1 J;fz))fl
o= OL dx exp _—izLT(n—n’)x: ((J;}l 1;32))](2

Notice that depending on the billiard geometry, some of the integrals above may vanish.
For example, in the case W, = 0 (i.e., for the billiard of Figure 1), we have [y = J4 = J; = 0.

3. Structure of the Hamiltonian Matrix

In order to study the structure of eigenstates of the total Hamiltonian H(u,v) one
needs, first, to choose a way of ordering the unperturbed basis in which we represent
the Hamiltonian matrix H; (k) = (I | H | I')x. Specifically, we have to assign an index /,
labeling the basis state | I); =| m, n), to each pair of indecies (m, n) (note that although
the energy spectra are independent of the assignment (m,n) — I, the structure of the
eigenstates is not). In addition, note that the size of the Hamiltonian matrix is determined
by the maximum values of n and m: — Ny < 11 < Nygy and 1 <m < Mgy
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A natural assignment is the following one [30]. Let us fix the lowest value of 71 (—Nyax)
and sweep all values of m (1 < m < Myux). This gives = 1,2,..., Myyar. Then, do the
same for n = —Npyux + 1, which gives Myax +1 < | < 2M,y4y, and so on, until finally,
we have 1 <[ < Ly, where Lygy = (2Nyax + 1) Mgy defines the Hamiltonian matrix
size, Lyax X Liyax. This rule results in a block structure of the Hamiltonian matrix with a
block size equal to M;;4x. Figure 2 (left) shows the lower part of a 4030 x 4030 matrix with
(Nmax, Mmax) = (32,62). Here, we can see a number of blocks of size 62 x 62 corresponding
ton,n’ = =32,...,—17. In this representation, the matrix is clearly a block matrix.

The above way of ordering the unperturbed basis corresponds to the “channel repre-
sentation” (or momentum representation), since the index m labels a specific transverse
channel for the propagation of the wave through the billiard; see Equation (14). However,
for our purposes, it is essential to use the “energy representation”, according to which the
unperturbed basis is ordered in increasing energy, Egma (k) > E?mw (k). This defines a new
rule | = lyew = lpew(n, m). In Figure 2 (right), we show the lower part of the Hamiltonian
matrix of Figure 2 (left) but now in the “energy representation”. Notice that in contrast
to the block structure of the Hamiltonian matrix in the “channel representation”, in the

“energy representation”, the Hamiltonian matrix shows a band-like structure.

1000 77777777777 777 7 1000
i
800 /////////// S 800
A g
A
600 (27717727 B F 27| = 600
R L s o e
O oy
0TS R0
A7
200 B A 200( -z
R I #
() SIS s Y
200 400 600 800 1000 200 400 600 800 1000

/

new

Figure 2. (left) Lower part of the Hamiltonian matrix in the “channel representation” | H;; |.
(right) Lower part of the Hamiltonian matrix in the “energy representation” | H; ;| Ly = 27,
Ly =27, Wy = 0.06Ly, k = 0.1, Ny = 100, and (Nyax, Mimax) = (32,62) were used. With this choice
of Nyay and My,ax, we obtain Ly, = 4030. Both matrices are shown in grayscale where darker
means higher amplitude of the matrix element.

In order to analyze the structure of the eigenstates of H(u,v) in detail, we diagonalize
Hamiltonian matrices in the “energy representation” and construct the “state matrices”
|Clnew|2' In Figure 3, we show the lower part of the state matrix corresponding to the
Hamiltonian matrix of Figure 2 (right). Here, Cj " are the amplitudes of the eigenstates in
the (energy-ordered) basis representation given by the index I;;¢;,. Namely, the index ;e
refers to unperturbed basis states that correspond to the unperturbed Hamiltonian H°. The
index « refers to a specific exact eigenstate. All eigenstates are ordered in increasing energy,
with &« = 1 the ground state. Therefore, to understand how strongly localized /extended
the exact eigenstates in the unperturbed basis are, one should fix the value of « and explore
the dependence of |C;’;ew % on Lyew-

A crucial point in our study is that the eigenstates of the Hamiltonian in the “energy
representation” have a very convenient form for the analysis. The advantage of the “energy
representation” over the “channel representation” (i.e., when the Hamiltonian matrix has a
block structure) is clearly seen in Figure 4 where an arbitrarily chosen eigenstate is given in
the two representations. One can see that in the “channel representation”, the eigenstate
has a kind of regular and extended structure, while in the “energy representation”, the
eigenstate is compressed. In the latter case, one may use a statistical approach to describe
the global properties of such eigenstates; see refs. [43,45]. Specifically, these eigenstates can
be characterized by introducing an envelope around which the components are expected
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to fluctuate in a pseudo-random way. We stress that by using this energy ordering, it
is possible to relate the global form of eigenstates in the energy representation with its
classical counterpart; see, e.g., refs. [29-32].

1000
800

600

new

400

200 |

200 400 600 800 1000
«
Figure 3. Lower part of the state matrix [C{ |? from the Hamiltonian matrix of Figure 2 (right); that
is, Ly = 271, Ly = 2r, Wy = 0.06Ly, k = 0.1, N7 = 100, and (Nyuax, Miax) = (32,62) were used. The
matrix is shown in grayscale where darker means higher amplitude of the matrix element.

m mo
0.1 (a) 0.1 (b)-
5(5 0 5(5'= 0
-0.1 -0.1 —
0 1200 2400 3600 0 1200 2400 3600

[

new

Figure 4. Example of an eigenstate obtained from the Hamiltonian in (a) the “channel representation”
and (b) the “energy representation”. Ly = 27, Ly = 27t, W; = 0.06Ly, k = 0.1, and Nt = 100 were
used. (a) The eigenstate « = 392 as a function of I and (b) the same eigenstate as a function of I;;¢z.

4. Eigenstates in Energy Representation

In Figure 5, we present two typical pairs of consecutive eigenstates (x = 390 and 391
and « = 407 and 408). The difference between the eigenstates on the left panels (« = 390
and 407) and the other two is clearly qualitative. More specifically, while the states « = 390
and 407 are extended (in energy) eigenstates, constituted by practically all basis states within
the shown energy range, the eigenstates « = 391 and 408 are mostly unperturbed: they
are extremely localized in energy. Indeed, by neglecting all small amplitude components
surrounding the main component (see left panels of Figure 5), we can determine the basis
state I,0, defined by the pair (m, n), that most closely resembles the exact eigenstates. We
find that this always corresponds to the lowest values of the transversal mode m. This fact
can be understood by the following physical argument. Consider an eigenstate of the flat
billiard ¢p,n (X, Y, k = 0) o sin(mmY /Ly) exp(iKy X) with energy E® = (h?/2m,) (K2 + Kﬁ),
where K, = mm/L, = 27t/ Ay. Turning on the perturbation (flat to rough billiard) will
affect the high energy unperturbed states differently depending mainly on the value of
Ay. For example, for m = 1, the ratio A, /Wy is 2L,/W; ~ 33 (with W; = 0.06L,, the
value of Wj we use throughout this work), which is so large that the state cannot “see” the
roughness and thus will remain essentially unperturbed. In contrast, for unperturbed states
with the same (or about the same) energy but with large values of m (say, m = 62 = M4
and correspondingly small Ky), their Ay is sufficiently small compared to the amplitude
of the roughness (A, /W; =~ 0.5), so that the rough boundary produces a strong mixing
of unperturbed levels. The resulting exact eigenstate will consist of many components
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extended over the energy. Note that we may treat strongly localized states in the channel
representation as a kind of scar state.

o =390 o =391
0.9 T | T T T

0.6 — ]

03— ]

T B B Colo
0 1200 2400 3600 O 1200 2400 3600

new new
o =407 o =408
0.6 ——T——T—
osF [ .
N i
030 _
I N I PN I I NI B

0 1200 2400 3600 0 1200 2400 3600

new new

Figure 5. Typical pairs of consecutive eigenstates (¢« = 390, 391, 407 and 408) in the energy represen-
tation for Ly = 27, Ly, = 27t, W1 = 0.06Ly, k = 0.1, and Nt = 100.

The fact that the extremely localized (in energy) eigenstates can be identified with
the plane waves ¢y, , (x,y) with small m, proper of the flat billiard, makes us expect that
they will also be similar to plane waves when presented in configuration representation
|¥*(x,y)|?. Then, in Figure 6 (right), the two localized (in energy) eigenstates of Figure 5
(right) are shown in configuration representation. It is quite unexpected that these eigen-
states are very different from the unperturbed ones, even though they are similar in energy
representation. Figure 6 (right) shows that the rough boundary “pushes” the probability
|¥*(x,y)|> away from it. Thus, the eigenstate « = 391, whose main component in energy
representation is identified with m = 1, differs importantly from the unperturbed mode
with m = 1 whose maximum is at the billiard center y = L, /2 (as in the case of the
lowest eigenmode of a box of width L, with hard walls). Similar repulsion occurs for
the eigenstate « = 408 identified with m = 2. We stress that this repulsion effect occurs
only for rough billiards and is stronger the more rough the billiard boundary is, see, e.g.,
ref. [39]. A detailed analysis of this repulsion effect will be performed in Section 6. Finally,
for comparison purposes, in Figure 6 (left), we also present the two extended (in energy)
eigenstates of Figure 5 (left).

In order to characterize quantitatively the eigenstates, we compute various localization
measures. The first one is the so-called entropy localization length Iy,

Iy =exp [—(H — Hgoe)] = 2.08exp (—H). (18)
Here, H stands for the Shannon entropy of an eigenstate in a given basis,
N
H = Z w?new ln w;XVlL"I/U’ (19)
Inew=1

and Hgoe is the entropy of a completely chaotic state which is characterized by Gaussian
fluctuations (for N — o) of all components C} with the same variance (wf ) =1/N,

— 2 ;
where wy = |C} |*. The latter property occurs for completely random matrices belong-
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ing to a Gaussian Orthogonal Ensemble (GOE). Defined in this way, the quantity Iy gives
the measure of the effective number of components in an eigenstate. For example, the eigen-
states of Figure 5 have Iy (« = 390) = 1189.7, Iy(a = 391) = 5.75, Iy (« = 407) = 1517.5,
and Iy (e = 408) = 13.16; that is, extended eigenstates have large values of Iy, while
localized eigenstates are characterized by small values of /5.

Figure 6. The eigenstates of Figure 5 in the configuration representation |¥*(x,y)|?. The scale of the
color code on the right of the panels should be multiplied by 1073.

The second quantity, /;,,, which gives another measure of the effective number of
components in an eigenstate, is expressed via the inverse participation ratio P,

_|Pgoe ]| 3
lzpr - P ~ P (20)
with N
P = Z<wllxnew)2' (21)

where Pgoe ~ 3 is chosen in order to obtain /;;, = N in the GOE limit case. Corre-
spondingly, the eigenstates of Figure 5 have [;,, (« = 390) = 1061.2, I;;,,(a = 391) = 6.32,
lipr(a = 407) = 1464.4, and l;,(« = 408) = 14.99, where a high correlation with /5 can
be seen. The above two definitions of localization lengths are the most frequently used
when describing the global structure of eigenstates. One should note that these quantities
provide an estimate of the effective number of large components, independently on the
location of these components, in the unperturbed basis.

To obtain a complete panorama, in Figure 7a,b we plot these two measures, [y and
lipr, for the eigenstates |a) of the rough billiard. The strong fluctuations of the localization
measures are evident in these figures. We can see that neighboring high-energy eigenstates
may have drastically different localization measures, which is in agreement with the
discussion above about the existence of localized and extended eigenstates. Moreover,
these figures give us information about the relative number of each type (localized and
extended eigenstates) to be found in a given energy range.
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Figure 7. Localization measures for the eigenstates « of the rough billiard. (a) Entropy localization
length I3;, (b) inverse participation ratio /;,, (c) mean square root l,, and (d) centroid n.. Here,
Ly =2m, Ly = 2, Wy = 0.06Ly, k = 0.1, and Nt = 100 were used.

Additional information about the structure of eigenstates can be obtained from the
“width” or mean square root [, of an eigenstate, which is computed as

N 1/2
ly = Z wiew (lnew — nc(“)}z ’ (22)

lnew =1

where n. = Y lnew wzww determines the centroid of an eigenstate in the unperturbed
basis.

Comparison of the width I, with Iy and [;, gives the possibility of detecting the
so-called sparsity of eigenstates. Indeed, small values of the ratio Iy /15 (or l;, /l) indicate
that there are “holes” in the structure of the eigenstates; therefore, such eigenstates are sparse;
see Figure 7c. A detailed analysis shows the existence of sparsed eigenstates. As for the
centroid, 7, > a observed in Figure 7d indicates that the interaction strength V is relatively
strong compared to the unperturbed part Hp.

The data of Figure 7a,b show the existence of a wide range of values of both localization
measures even at high energies; moreover, there are eigenstates with small localization
lengths (visible as clusters of points in the lower part of the plots) along the entire energy
range. This situation is also present for the same quantities computed for the local density
of states (LDOS): that is, for the basis eigenstates | ;) expanded in the exact basis
| «); see Figure 8. Note that to compute the localizations lengths, as well as the centroid,
for the LDOS, one must interchange & <+ I, in expressions (19), (21) and (22). It is
relevant to stress that the localization lengths for the LDOS show well-defined patterns, see
Figure 8, which are not present for the exact eigenstates, see Figure 7. Inspection of
Figure 8a—d clearly demonstrates that there is a kind of regularity in the structure of the
LDOS: the same type of states appear repeatedly, almost periodically as a function of the
basis number [;,.,. These figures show the repetition of extremely localized states and of
states with different values of the localization measures. The physical origin of all these
types of states (localized, intermediate and extended) was explained above, and their
appearance can be decoded by examining the structure of the “channel representation” of
the Hamiltonian matrix; see Figure 2 (left). A detailed inspection of that matrix shows that
the coupling between unperturbed states depends strongly on the values of the index m,
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labeling the transversal modes of the flat billiard. An unperturbed state specified by a large
value of m (an m close to M;;ax = 62) couples strongly to several other unperturbed states.
In contrast, the state with m = 1 has practically no coupling to other states. In particular,
the extremely localized states, corresponding to the first position on the left line of each
brach of Figure 8c occur because of the negligible coupling of the diagonal elements of the
Hj p matrix with m = 1, the states on the second position of each branch occur for m = 3,
and so on with m odd. Similarly, the states on the right side of the branches result from
elements of the H; y matrix with even values of m.

3000 3000 — (}I:)) !
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new
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Figure 8. Localization measures for the LDOS, l,;¢1, of the rough billiard. (a) I3, (b) ll-p,, (¢) Iy, and
(d) nc. Ly =27, Ly = 271, Wy = 0.06Ly, k = 0.1, and Nt = 100 were used.

This structure is expected to prevail at all energy ranges, since in any sufficiently large
range of energies, there are unperturbed states with all values of m € [1, Myx]. Even
deep in the semiclassical regime, extremely localized and sparse states will appear but less
and less frequently since the energy differences between states of the same type increases
with energy.

5. Scar-Like States in Energy Space

In this section, we discuss the origin of the scar-like states emerging in the energy
representation; they seem to be generic for plane billiards with rough surfaces. The starting
point is the observation that for a weak roughness, these states can be associated with
those unperturbed states that have a small value of the index m, especially for m = 1.
Since the localized eigenstates identified above with m = 1 exist at all energies, the
important question is about the fraction of these states relative to the total number of
states N(E) = Y;{i|E; < E} as a function of energy. This question is important in view of
Shnirel'man’s theorem [14] stating that the eigenfunctions of a classically ergodic system are
equidistributed over the energy shell in the classical limit. In other words, we expect that

Nip=1 (E)

im =Ny (23)

where N,,,_1 (E) is the number of m = 1 eigenstates up to some energy E:

Nt (E) = L (I1E; < E¥: = gu,(1,0)). (24)



Entropy 2023, 25, 189

13 of 22

Neither Shnirel’'man’s theorem nor Equation (23) says anything about how the limit is
approached. Moreover, Shnirel’'man’s theorem does not consider the possible existence of
parabolic fixed points. These occur in our billiard; they are the bouncing ball orbits or the
continuous set of all horizontal trajectories (P, = 0) which do not hit the two boundaries.
Quantum mechanically, there are no P, = 0 states, but the eigenstates of the flat channel
with a minimum value of Py are the m = 1 states. Thus, we have referred to the m =1
eigenstates as “bouncing ball states” in [38].

For Wy /Ly < 1, one can use the unperturbed spectra given by Equation (15) to obtain
a good estimate for N,,_1(E) and N(E). For large Ny and My, Equation (15) represents,
ignoring the k? term, half of the ellipse

2 2

n m
7T 2
2m, ( Ly 2me ( Ly
— | E — | E
B2 \ 27 W\

in the n — m plane (recall that m € [1, Myax] and n € [—Nyax, Nyax]); above E = E,(q%(k) =

=1, (25)

E,(l% (0). In Figure 9, we show the n — m plane for the case of Ny.x = 32 and M,qx = 62; there,
the dots represent basis states and the red ellipse is Equation (25) with E = 400(k*/2m,) and
Ly = Ly = 27. Then, for large E, the number N(E) equals the area of the half ellipse, and the
number N, (E) of localized eigenstates equals twice the size or its minor axis:

_ (2me\ o

NE) = (Z) 26)
_(2m, 12 5 VE
Nm:l - ( hz ) ET}/’ (27)
therefore,

1/2

Nyr(B) (12" 4L o8
N(E) 2m, U\/E,

where o = L, Ly is the area of one period of the billiard.

30 150 15 30
n

Figure 9. The n — m plane for the case of Ny,;x = 32 and M,y = 62. Dots represent basis states
| 1) =| m,n) or | lnew) =| m,n). The red ellipse is Equation (25) with E = 400(h*/2m,) and
Ly =Ly =2m.

We see that Equation (26) is precisely the first term in the Weyl series for the integrated
density of states (see for example [46], Section 7). Equation (28) indicates that (i) for fixed
E and o, the portion of m = 1 states, relative to the total number of states, is larger the
narrower the billiard is and (ii) the convergence of N,,—1 (E)/N(E) to zero is rather slow; it
decreases as a power-law of E.
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It is important to stress that in the case of a rough billiard having a highly modulated
boundary composed of many harmonics, the expression for N(E) is not simply given
by (26), since now, the perimeter  of the boundary, as well as its curvature, contribute
significantly to N(E) as [47]

N(E) = (2m5> 7 F_ 7<2me>1/2\/f— <2me)1/2f U o 29

B )An  Am\ p2 12 T = (r—1/2)E"

The coefficients Cp,1 1, ¥ > 1, in the sum of the Weyl series (29), depend on the curvature
(and its derivative) of the modulated boundary (see Table 3 of [47]). As is shown in [47],
the higher the index r of the Weyl coefficient Cy,1, the more complex the expansions for
C; are, involving higher and higher powers of the curvature and its derivatives. Clearly,
the larger the number of harmonics Nt, the more important the perimeter and curvature
terms become.

In addition, it is also instructive to look at the location of the eigenstates on the
n — m plane. Thus, in Figure 10, we present the eigenstates of Figure 5 also in energy
representation but now on the n — m plane. From this figure, we can observe that: (i) the
components of the energy-extended eigenstates of Figure 5 (left) are not equidistributed
on the n — m plane; instead, their main components are concentrated around the region
with n ~ 0 and large m. That the components are concentrated around n ~ 0 supports the
fact that these eigenstates are not extended over the x-axis when plotted in configuration
representation; see Figure 6 (left). (ii) The components of the energy-localized eigenstates
of Figure 5 (right) are also localized on the n — m plane; they are indeed characterized
by a single value of n and several but small values of m (a detailed decoding of this m
dependence will be performed in the next section).
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Figure 10. The eigenstates & = 390, 391, 407 and 408 in energy representation (see Figure 5) on the
n — m plane.
6. Scars and Billiard Symmetries; Repulsion Effect

In this section, we study in detail the repulsion, in configuration representation, that
suffer the energy-localized eigenstates of rough billiards from the rough boundaries. This
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effect, already shown in Figure 6right panels, was first reported in [38,39] but also observed
in [24,48,49]. Moreover, in addition to the one-flat-boundary billiard of Figure 11a, we now
consider two additional billiard geometries: the antisymmetric billiard, Figure 11b, and the
symmetric billiard, Figure 11c; see also [24,25].

We start by presenting in Figure 12 few typical extremely energy-localized eigenstates
for the billiards of Figure 11 in three different energy regions. The main component of
all those eigenstates can be identified with an unperturbed state with m = 1 (see also
Figure 13) where we present again the eigenstates of Figure 12 but now in configuration
representation). Close inspection of Figure 12 shows that for the one-flat-boundary billiard
and the symmetric billiard, panels (a) and (c) of Figure 12, respectively, the localized
eigenstates have several components of appreciable magnitude. This is in contrast with
the eigenstates of the antisymmetric billiard, see panel (b) of Figure 12, which has only one
effective component with magnitude very close to unity.

The decoding of the main components of the energy-localized eigenstates of the one—
flat-boundary billiard, corresponding to panels (a) of Figure 12, shows that the second most
important component of each of the localized states corresponds to m = 2, the next one to
m = 3 and so on, all with the same value of n. That is, there is no mixing between different
values of n. Moreover, the amplitudes of these eigenstate components decay exponentially
as a function of m; see Figure 14 (left).

On the other hand, by decoding the main components of the energy-localized eigen-
states of the symmetric billiard, corresponding to panels (c) of Figure 12, we see that the
second most important component of each of the localized states corresponds to m = 3,
the next one to m = 5 and so on, all with the same value of n but with alternating signs.
Again, there is no mixing between different values of n. In addition, the amplitudes of
these eigenstate components show an exponential decay as a function of m, which is in this
case modulated by a sinus function; see Figure 14 (right).

61— v AN e _WMWMM%W
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Figure 11. The rough billiards analyzed below: (a) a billiard with one flat boundary, W, = 0; (b) an
antisymmetric billiard, Wi = W»; and (c) a symmetric billiard Wy = —W,. Nt = 100, W1 /L, = 0.06,
Ly/Ly =1, Ly = 27, and {1 (x) = &2(x).

Following the above observations, one can substitute in Equation (13) the following
expressions:

Cinlal = Saexp[—PBa(m —1)|6un, , (30)
Cf;zn [b] = 010, , (31)
Chnlcl = Sesin(mm/2) exp[—Pc(m —1)]0un, , (32)

for the energy-localized eigenstates of [a] the one—flat-boundary billiard, [b] the antisym-
metric billiard, and [c] the symmetric billiard, respectively. Here, n, corresponds to the
value of n characterizing all the main components of a given energy-localized eigenstate.
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Figure 12. Localized eigenstates in the energy representation Cj for (a) a one-flat-boundary billiard,
(b) an antisymmetric billiard, and (c) a symmetric billiard; see Figure 11. Specifically, (al1) « = 391,
(a2) « = 705, (a3) « = 968, (b1) « = 170, (b2) & = 283, (b3) & = 401, (c1) « = 389, (c2) « = 704, and
(c3) & = 962. The main components of these localized eigenstates in energy representation correspond
to unperturbed states characterized by m = 1 and (al) n = —18, (a2) n = —24, (a3) n = —28,
(b1) n = —18, (b2) n = —23, (b3) n = —27, (c1) n = —18, (c2) n = —24, and (c3) n = —28. Nt = 100,
Wi/Ly =0.06,Ly/Ly =1, Ly = 27,k = 0.1, and &; (x) = &2(x) were used.
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Figure 13. Localized eigenstates of Figure 12 in the configuration representation [¥*(x,)|?. Eigen-

states for (al-a3) a one-flat-boundary billiard, (b1-b3) an antisymmetric billiard, and (c1-c3) a
symmetric billiard; same labeling as in Figure 12.
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The parameters S, = 0.8, B, = 0.53, S; = 0.9, and B. = 0.426 are obtained by fitting
the data to the dependence given by the expressions for Cj,,, above; see the fittings in
Figure 14. It is important to remark that for a fixed Nr, all energy-localized states are
characterized by the same values of S, , and j3, ;. Substituting the dependence of Cj,,, into
Equation (13) gives

N expli(k + ng)u] &
Huleol = s SRR 5 din( ) expl-pin - 1),
m=
~ expli(k + ngy) v
e, 0)[b] = C. picl/z 1/2‘ sm( y) ,

[e9)

CCSC% Z ( ) sm(eryw) exp[—B(m—1)],

1

Toc (14, 0) [¢]

where C, . arise to satisfy the orthonormality condition in curvilinear coordinates,

Ly
/0 | " dudo J¥E W 1 (33)

Then, it follows that

-1 2
2 ~ ex a CxJsin@ex—um— ’
) I ] (2 p[-2Ba(m n) LZ (57 explpul 1>]]
) P = Zein( ),
() Pl =

00 -1r » 2
% < Y sinz(%> exp[—2Bc(m — 1)]) [ ) sin(%) sin(any) exp|—Bc(m — 1)]1 .

m=1 Y

These latter expressions give the average shape of the localized eigenstates in the
configuration representation, projected onto the y— | ¥* |2 plane. In addition, note that
¥i . (y) does not depend on the parameters S, so the relevant parameters are f3,;. To
obtain | ¥% (y) |* above, we have made the approximation v ~ y and g ~ 1 since
Wyi/Ly, =0.06 < 1.

Finally, after some algebra, we obtain

[exp(2Ba) — 1] sinz(ny/Ly)

2 ~
N e e ST B L (34)
) Pl = Lein( ), @)
e () P o SmR(B) sinh’ (B sin’(ny/Ly) 6)

27 [coshz(ﬁc) - sinz(ny/Ly)} ?

Note that when B, ;, — o, i.e., when the energy-localized eigenstates have only one single
component, | ¥4 (y) |* [a] =| ¥%_(y) |* [c] = (1/7) sin(7ty/Ly), as required.

In Figure 15, we plot Equations (34)—(36) together with the numerical data from the
eigenstates of Figure 13. From this figure, it is clear that (i) in the one-flat-boundary billiard,
the energy-localized eigenstates are repelled from the rough boundary toward the flat
boundary; see the curves labeled with (a), as already observed in Figure 6; (ii) in the sym-
metric billiard, the energy-localized eigenstates are repelled from both rough boundaries
toward the billiard center; see the curves labeled with (c); while (iii) in the antisymmetric
billiard, the repulsion effect is completely absent, so the eigenstates correspond to those
of the flat billiard; see the curves labeled with (b). A detailed study [24] revealed that the
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absence of repulsion in the antisymmetric billiard is due to the fact that in this billiard,
there is no square-gradient scattering between different modes or channels, in contrast to
the one-flat-boundary billiard and the symmetric billiard. Thus, one can conclude that the
main contribution to the repulsion is due to the intermode square-gradient scattering terms
of the Hamiltonian matrix (i.e., the integrals J3, /5, and J7 in Equation (17), which vanish
for the antisymmetric billiard). This conclusion supports the observation made above
according to which the effect of repulsion can be explained as due to a strong localization
in the channel space. This localization occurs due to a relatively strong interaction between
different conducting channels (or billiard modes).
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Figure 14. Main components Cj;,,, as the functions of m from the localized eigenstates in the energy
representation of Figure 13a (right) and Figure 13c (left). Different symbols correspond to different
eigenstates. The thick dashed curves are the best fits to Equation (30) (right) and Equation (32) (left)
with S, = 0.8 and B, = 0.53 and S; = 0.9 and B, = 0.426, respectively.
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Figure 15. Projection of the eigenstate profiles of Figure 13 (color curves) onto the y coordinate to-
gether with the analytical expressions for | ¥% (y) |? (thick dashed lines) given by Equations (34)—(36)

with B, = 0.53 and B, = 0.426. Profiles of eigenstates for (a) a one-flat-boundary billiard, (b) an
antisymmetric billiard, and (c) a symmetric billiard.

Note that since the parameters S, , and f, , are the same for all m = 1 eigenstates for
a fixed Nr, one can find S, ; and B, for some low-energy eigenstate (so that the matrix
to be diagonalized is small) and with this one can infer the global shape of all m = 1
eigenstates. Conversely, knowing the shape of an m = 1 eigenstate within any energy
range, one may assess by looking at the amount of repulsion the degree of complexity,
presumably unknown, of the boundaries.

The excellent agreement between Equations (34)—(36) and the numerical data from
the eigenstates of Figure 13 indicates that for extremely localized eigenstates with m =1,
there is no need to diagonalize the whole matrix since, there is no mixing between different
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values of n. In order to obtain a good approximation of these eigenstates, one only needs
to diagonalize the block of size My X Myax corresponding to the quantum number 7,
which is a good quantum number in the presence of perturbation.

Within this approach, it is also possible to study energy-localized eigenstates with
m > 1 using blocks of the Hamiltonian (17) of size My X Myax. So, in Figure 16, we
plot the 2nd, 3rd, and 4th lowest eigenstates in configuration representation of a block of
the Hamiltonian (17) of size 100 x 100 for the one-flat-boundary billiard (left panels), an
antisymmetric billiard (central panels), and the symmetric billiard (right panels). They
correspond to eigenstates characterized by m = 2, 3, and 4, respectively. As expected,
they have 2, 3, and 4 maxima in the transverse direction, respectively. As well as for the
eigenstates characterized by m = 1, see Figures 13 and 15, the eigenstates of Figure 16 suffer
repulsion from the rough boundaries in the one-flat-boundary billiard and the symmetric
billiard, while in the antisymmetric billiard, the repulsion is absent.
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Figure 16. Left column: 2™, 3, and 4" lowest eigenstates in the configuration representation
[¥%(x,y) |2 for a block of the Hamiltonian (17) of size Myax X Myay for the billiards of Figure 11a.
Middle and right column: the same but for the billiards of Figure 11b,c, respectively. Nt = 100,
Wi/Ly =0.06,Ly/Ly =1, Ly = 27, &1(x) = &2(x), Mipax = 100, 1, = 0, and k = 0 were used.

7. Conclusions

In this paper, we have studied the properties of rectangular billiards with one and
two rough boundaries. In the classical description, such billiards can be considered as
completely chaotic, although this has not been rigorously proven. Our interest was to
understand the typical structure of the eigenfunctions in the quantum description and to
discover the mechanism of occurrence of scar states. For numerical simulation, we have
chosen the method of reducing the original model with one particle moving inside the
billiard to a model of two artificial particles in a billiard with flat boundaries, however with
an effective interaction between the particles. Thus, the complexity of the rough boundary
is embedded into a quite complicated interaction potential. In this representation, the
Hamiltonian of the system can naturally be represented as the sum of two terms, one of
which corresponds to the motion of two particles in a billiard with flat walls, and the second
term describes the interaction between particles. As can be seen, such a scheme is similar to
that which is often used in physics when describing isolated systems with many interacting
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particles. Thus, the question arises about the correspondence between the properties of
eigenfunctions in a many-particle basis (in our case, a two-particle basis) and the properties
of eigenfunctions in the configuration space. As was found, this correspondence is not
simple, especially if we are interested in the degree of localization of the eigenfunctions
and, in particular, in the occurrence of scar states.

As a result of our study, we came to the conclusion that one can roughly speak of
three different types of eigenstates. The first type includes states whose density in the
configuration basis is concentrated in the vicinity of bouncing ball trajectories that are
perpendicular to two horizontal surfaces. Such highly localized functions (with some
degree of chaos) are analogous to well-studied scar states in stadium billiards. The second
type of eigenfunctions, which are strongly localized in the momentum space, can be
associated with the plane waves in the billiard with flat boundaries. To some extent, they
can also be termed as scar states because of their strong correspondence to unperturbed
eigenstates. There is a third type of eigenfunctions that consists of many components in
both the energy space of the Hamiltonian and in the configuration space. These eigenstates
are quite complicated and can be treated as partially chaotic. Thus, it can be assumed that
these eigenstates quickly become completely chaotic with increasing energy in comparison
with those functions that are strongly localized either in energy or in configuration space.

We have considered in detail how the number of eigenstates strongly localized in the
energy space decreases with increasing energy. This question is related to Shnirel’'man’s
theorem, according to which, in the classical limit, the measure (number) of scar functions
decreases to zero. It is worth noting that this theorem does not predict at what rate (in
energy) all eigenfunctions become ergodic. In the general case of ergodic billiards, this
question remains open, but in our case, the estimate indicates that the number of scar states
(in the energy space) decreases rather slowly, namely, inversely proportional to the square
of the energy.

We were also interested in the “repulsion” effect, discovered in [22], according to
which for a billiard with one corrugated surface, some of the eigenstates suffer a shift of
the maximal density toward the surface, which is flat. Our numerical data showed that
this effect is highly pronounced for those eigenfunctions that are close to plane waves
traveling in the horizontal direction. For a subset of such eigenstates, we have derived an
approximate expression that clearly indicates an exponential localization in the momentum
space. Even more interesting was to compare the structure of this type of eigenstate for the
billiard with two corrugated surfaces. We have found that for symmetric rough surfaces,
the repulsion effect is strongly enhanced. On the other hand, for antisymmetric profiles,
the repulsion is absent. The origin of this phenomenon can be explained by analyzing
the structure of the Hamiltonian matrix, which is strongly influenced by the form of the
off-diagonal matrix elements that depend on the amplitude, first derivative, and the second
derivative of the billiard profiles. Apart from that, there are terms that describe the inter-
correlations between profiles. Our analysis explains both the repulsion enhancement and
the disappearance of repulsion. Due to this analysis, one can predict the impact of the type
of symmetry between the profiles on the scattering properties of quasi-one-dimensional
waveguides with corrugated surfaces.

This article is dedicated to Professor Giulio Casati on the occasion of his 80th birthday.
We wish him to be healthy and scientifically productive for the next 20 years.

Author Contributions: The authors contributed equally to this work. EM.I.,, G.A.L.-A. and ].A.M.-B.
conceived, designed and performed the numerical experiments; EM.I.,, G.A.L.-A. and ]J.A.M.-B.
analyzed the data and wrote the paper. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by CONACyT grant number 286633.
Institutional Review Board Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.



Entropy 2023, 25, 189 21 of 22

Acknowledgments: ].A.M.-B. thanks support from CONACyT-Fronteras (Grant No. 425854), VIEP-
BUAP (Grant No. 100405811-VIEP2022), and Laboratorio Nacional de Supercémputo del Sureste de
México (Grant No. 202201007C), Mexico.

Conflicts of Interest: The authors declare no conflict of interest. The founding sponsors had no role
in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the
manuscript, or in the decision to publish the results.

References

1. Zelditch, S.; Zworski, M. Ergodicity of eigenfunctions for ergodic billiards. Commun. Math. Phys. 1996, 175, 673—-682. [CrossRef]

2. Vikram, A,; Galitski, V. Dynamical quantum ergodicity from energy level statistics. arXiv 2022, arXiv:2205.05704.

3.  Zhang, D.; Quan, H.T.; Wu, B. Ergodicity and mixing in quantum dynamics. Phys. Rev. E 2016, 94, 022150. [CrossRef] [PubMed]

4.  Barnett, A. Asymptotic rate of quantum ergodicity in chaotic Euclidean billiards. Comm. Pure Appl. Math. 2006, 59, 1379-1521.
[CrossRef]

5. Luitz, DJ.,; Lev, Y.B. The ergodic side of the many-body localization transition. Ann. Phys. 2017, 529, 1600350. [CrossRef]

6. Kravtsov, V.E,; Altshuler, B.L.; Ioffe, L.B. Non-ergodic delocalized phase in Anderson model on Bethe lattice and regular graph.
Ann. Phys. 2018, 389, 148-191. [CrossRef]

7. Avetisov, V,; Gorsky, A.; Nechaev, S.; Valba, O. Localization and non-ergodicity in clustered random networks. J. Complex Netw.
2020, 8, cnz026. [CrossRef]

8. Huang, W.J.; Wu, Y.B.; Guo, G.C.; Zou, X.B. Ergodic-nonergodic transition with cold spinless fermions in a cavity. Phys. Rev. A
2022, 105, 033315. [CrossRef]

9. Krylov, N.S. Works on the Foundations of Statistical Physics by Nikolai Sergeevich Krylov; Migdal, A.B.; Sinai, Y.G.; Zeeman, Y.L.,
Translators; [Translated from: Raboty po Obosnovaniiu Statisticheskoj Fiziki, Moscow, 1950]; Princeton University Press:
Princeton, NJ, USA, 1979.

10. O'Rourke, S.; Vu, V,; Wang, K. Eigenvectors of random matrices: A survey. J. Comb. Theo. Series A 2016, 144, 361-442. [CrossRef]

11.  Borgonovi, F; Izrailev, EM.; Santos, L.E; Zelevinsky, V.G. Quantum chaos and thermalization in isolated systems of interacting
particles. Phys. Rep. 2016, 626, 1-58. [CrossRef]

12.  Heller, E.J. Bound-state eigenfunctions of classically chaotic hamiltonian systems: Scars of periodic orbits. Phys. Rev. Lett. 1984,
53,1515. [CrossRef]

13.  Berry, M.V. Quantum scars of classical closed orbits in phase space. Proc. R. Soc. A 1989, 423, 219.

14. Shnirel'man, A.I. Ergodic properties of eigenfunctions. Usp. Math. Nauk. 1974, 29, 181-182.

15.  Serbyn, M.; Abanin, D.A.; Papic, Z. Quantum many-body scars and weak breaking of ergodicity. Nat. Phys. 2021, 17, 675-685.
[CrossRef]

16. Mondal, D.; Sinha, S.; Ray, S.; Kroha, J.; Sinha, S. Classical route to ergodicity and scarring phenomena in a two-component
Bose-Josephson junction. Phys. Rev. A 2022, 106, 043321. [CrossRef]

17.  Turner, C.J.; Desaules, J.-Y.; Bull, K.; Papic, Z. Correspondence principle for many-body scars in ultracold rydberg atoms. Phys.
Rev. X 2021, 11, 021021. [CrossRef]

18. Tamura, K,; Katsura, H. Quantum many-body scars of spinless fermions with density-assisted hopping in higher dimensions.
Phys. Rev. B 2022, 106, 144306. [CrossRef]

19. Ma, KK.W,; Volya, A.; Yang, K. Eigenstate thermalization and disappearance of quantum many-body scar states in weakly
interacting fermion systems. Phys. Rev. B 2022, 106, 214313. [CrossRef]

20. Chandran, A; Iadecola, T.; Khemani, V.; Moessner, R. Quantum many-body scars: A quasiparticle perspective. arXiv 2022,
arXiv:2206.11528.

21. Choi, S.; Turner, CJ.; Pichler, H.; Ho, WW.; Michailidis, A.A.; Papi¢, Z.; Serbyn, M.; Lukin, M.D.; Abanin, D.A. Emergent SU(2)
dynamics and perfect quantum many-body scars. Phys. Rev. Lett. 2019, 122, 220603. [CrossRef]

22. Izrailev, EM.; Luna-Acosta, G.A.; Mendez-Bermudez, J.A.; Rendon, M. Amplitude and gradient scattering in billiards with
corrugated surfaces. Phys. Stat. Sol. C 2003, 3032. [CrossRef]

23. Izrailev, EM.; Makarov, N.M.; Rendon, M. Manifestation of the roughness-square-gradient scattering in surface-corrugated
billiards. Phys. Rev. B 2006, 73, 155421. [CrossRef]

24. Rendon, M.; Izrailev, EM.; Makarov, N.M. Square-gradient mechanism of surface scattering in quasi-one-dimensional rough
billiards. Phys. Rev. B 2007, 75, 205404. [CrossRef]

25. Mendez-Bermudez, J.A.; Izrailev, EM. Transverse localization in quasi-one—dimensional surface—corrugated billiards. Mocroelec-
tron. J. 2008, 39, 1376. [CrossRef]

26. Luna-Acosta, G.A.; Na, K; Reichl, L.E.; Krokhin, A. Band structure and quantum Poincare sections of a classically chaotic
quantum rippled channel. Phys. Rev. E 1996, 53, 3271-3283. [CrossRef]

27. Luna-Acosta, G.A.; Krokhin, A.A.; Rodriguez, M.A.; Hernandez-Tejeda, P.H. Classical chaos and ballistic transport in a mesoscopic
channel. Phys. Rev. B 1996, 54, 11410-11416. [CrossRef]

28. Luna-Acosta, G.A.; Rodriguez, M.A_; Krokhin, A.A.; Na, K.; Méndez, R.A. Quantum and classical ballistic transport in a chaotic

2D electron channel. Rev. Mex. FiSica 1998, 44, 7-13.


http://doi.org/10.1007/BF02099513
http://dx.doi.org/10.1103/PhysRevE.94.022150
http://www.ncbi.nlm.nih.gov/pubmed/27627289
http://dx.doi.org/10.1002/cpa.20150
http://dx.doi.org/10.1002/andp.201600350
http://dx.doi.org/10.1016/j.aop.2017.12.009
http://dx.doi.org/10.1093/comnet/cnz026
http://dx.doi.org/10.1103/PhysRevA.105.033315
http://dx.doi.org/10.1016/j.jcta.2016.06.008
http://dx.doi.org/10.1016/j.physrep.2016.02.005
http://dx.doi.org/10.1103/PhysRevLett.53.1515
http://dx.doi.org/10.1038/s41567-021-01230-2
http://dx.doi.org/10.1103/PhysRevA.106.043321
http://dx.doi.org/10.1103/PhysRevX.11.021021
http://dx.doi.org/10.1103/PhysRevB.106.144306
http://dx.doi.org/10.1103/PhysRevB.106.214313
http://dx.doi.org/10.1103/PhysRevLett.122.220603
https://doi.org/10.1002/pssc.200303839
http://dx.doi.org/10.1103/PhysRevB.73.155421
http://dx.doi.org/10.1103/PhysRevB.75.205404
http://dx.doi.org/10.1016/j.mejo.2008.01.040
http://dx.doi.org/10.1103/PhysRevE.53.3271
http://dx.doi.org/10.1103/PhysRevB.54.11410

Entropy 2023, 25, 189 22 of 22

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44.
45.

46.
47.

48.

49.

Luna-Acosta, G.A.; Mendez-Bermudez, J.A.; Izrailev, EM. Quantum-—classical correspondence for local density of states and
eigenstates of a chaotic periodic billiard. Phys. Lett. A 2000, 274, 192-199. [CrossRef]

Luna-Acosta, G.A.; Mendez-Bermudez, J.A.; Izrailev, EM. Periodic chaotic billiards: Quantum-—classical correspondence in energy
space. Phys. Rev. E 2001, 64, 036206. [CrossRef]

Luna-Acosta, G.A.; Mendez-Bermudez, ].A ; Izrailev, EM. Chaotic electron motion in superlattices. Quantum-—classical correspon-
dence of the structure of eigenstates and LDOS. Phys. E 2002, 12, 267-271. [CrossRef]

Luna-Acosta, G.A.; Mendez-Bermudez, J.A.; Izrailev, EM. Classical versus quantum structure of the scattering probability matrix.
Chaotic billiards. Phys. Rev. E 2002, 65, 046605. [CrossRef] [PubMed]

Akguc, G.B.; Reichl, L.E. Conductance and statistical properties of chaotic and integrable electron billiards. J. Stat. Phys. 2000, 98,
813-834. [CrossRef]

Huckestein, B.; Ketzmerick, R.; Lewenkopf, C.H. Quantum transport through ballistic cavities: Soft vs hard quantum chaos. Phys.
Rev. Lett. 2000, 84, 5504-5507. [CrossRef] [PubMed]

Li, W.; Reichl, L.E.; Wu, B. Quantum chaos in a ripple billiard. Phys. Rev. E 2002, 65, 056220. [CrossRef] [PubMed]

Lichtenberg, A.].; Lieberman, M.A. Regular and Chaotic Dynamics, 2nd ed.; Springer: New York, NY, USA, 1992.

Frahm, K.M.; Shepelyansky, D.L. Quantum localization in rough billiards. Phys. Rev. Lett. 1997, 78, 1440-1443. [CrossRef]
Izrailev, EM.; Mendez-Bermudez, J.A.; Luna-Acosta, G.A. Ballistic localization in quasi-one—dimensional billiards with rough
surfaces. Phys. Rev. E 2003, 68, 066201. [CrossRef]

Mendez-Bermudez, J.A.; Luna-Acosta, G.A.; Izrailev, EM. From chaos to disorder in quasi-1D billiards with corrugated surfaces.
Phys. E 2004, 22, 881. [CrossRef]

Adler, R.; Bazin, M.; Schiffer, M. Introduction to General Relativity; McGraw-Hill: New York, NY, USA, 1975.

Dewitt, B. Dynamical theory in curved spaces I. A review of the classical and quantum action principles. Rev. Mod. Phys. 1957, 29,
377-397. [CrossRef]

Izrailev, EM. Quantum-—classical correspondence for isolated systems of interacting particles: Localization and ergodicity in
energy space. Phys. Scr. 2001, T90, 95-104. [CrossRef]

Flambaum, V.V,; Izrailev, FEM. Statistical theory of finite Fermi systems based on the structure of chaotic eigenstates. Phys. Rev. E
1997, 56, 5144-5159. [CrossRef]

Ingraham, R.L. A Survey of Nonlinear Dynamics. (“Chaos Theory”); World Scientific: Singapore, 1992; Section 7.4.

Flambaum, V.V,; Izrailev, EM. Excited eigenstates and strength functions for isolated systems of interacting particles. Phys. Rev. E
2000, 61, 2539-2542. [CrossRef]

Reichl, L.E. The Transition to Chaos in Conservative Classical Systems: Quantum Manifestations; Springer: New York, NY, USA, 1992.
Berry, M.V.; Howls, C.]J. High orders of the Weyl expansion for quantum billiards: Resurgence of periodic orbits, and the Stokes
phenomenon. Proc. R. Soc. Lond. A 1994, 447, 527-555.

Feist, ].; Backer, A.; Ketzmerick, R.; Rotter, S.; Huckestein, B.; Burgdorfer, J. Nanowires with surface disorder: Giant localization
lengths and quantum-to-classical crossover. Phys. Rev. Lett. 2006, 97, 116804. [CrossRef] [PubMed]

Felix, S.; Asch, M; Filoche, M.; Sapoval, B. Localization and increased damping in irregular acoustic cavities. J. Sound Vib. 2007,
299, 965-976. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://dx.doi.org/10.1016/S0375-9601(00)00546-6
http://dx.doi.org/10.1103/PhysRevE.64.036206
http://dx.doi.org/10.1016/S1386-9477(01)00370-8
http://dx.doi.org/10.1103/PhysRevE.65.046605
http://www.ncbi.nlm.nih.gov/pubmed/12006045
http://dx.doi.org/10.1023/A:1018683710779
http://dx.doi.org/10.1103/PhysRevLett.84.5504
http://www.ncbi.nlm.nih.gov/pubmed/10990980
http://dx.doi.org/10.1103/PhysRevE.65.056220
http://www.ncbi.nlm.nih.gov/pubmed/12059693
http://dx.doi.org/10.1103/PhysRevLett.78.1440
http://dx.doi.org/10.1103/PhysRevE.68.066201
http://dx.doi.org/10.1016/j.physe.2003.10.011
http://dx.doi.org/10.1103/RevModPhys.29.377
http://dx.doi.org/10.1238/Physica.Topical.090a00095
http://dx.doi.org/10.1103/PhysRevE.56.5144
http://dx.doi.org/10.1103/PhysRevE.61.2539
http://dx.doi.org/10.1103/PhysRevLett.97.116804
http://www.ncbi.nlm.nih.gov/pubmed/17025917
http://dx.doi.org/10.1016/j.jsv.2006.07.036

	Introduction
	Model of Rough Billiards
	Structure of the Hamiltonian Matrix
	Eigenstates in Energy Representation
	Scar-Like States in Energy Space
	Scars and Billiard Symmetries; Repulsion Effect
	Conclusions
	References

