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Abstract

Sections

Acoustic resonances in open systems, which are usually associated
withresonant modes characterized by complex eigenfrequencies,
play afundamental role in manipulating acoustic wave radiation and
propagation. Notably, they are accompanied by considerable field
enhancement, boosting interactions between waves and matter,

and leading to various exciting applications. In the past two decades,
acoustic metamaterials have enabled a high degree of control over
tailoring acoustic resonances over arange of frequencies. Here,

we provide an overview of recent advances in the area of acoustic
resonances in non-Hermitian open systems, including Helmholtz
resonators, metamaterials and metasurfaces, and discuss their
applicationsinvarious acoustic devices, including sound absorbers,
acoustic sources, vortex beam generation and imaging. We also
discuss bound states in the continuum and their applicationsin
boosting acoustic wave-matter interactions, active phononics and
non-Hermitian acoustic resonances, including phononic topological
insulators and the acoustic skin effect.

Introduction

Acoustic resonances in open
systems

Acoustic bound states
in the continuum

Active phononic
metamaterials and
metasurfaces

Non-Hermitian acoustics
and phononics

Outlook

'"The Extreme Optoelectromechanics Laboratory (XXL), School of Physics and Electronic Sciences, East China
Normal University, Shanghai, China. 2Institute of Acoustics, Tongji University, Shanghai, China. *Department of
Mechanical Engineering, Rowan University, Glassboro, NJ, USA. “Photonics Initiative, Advanced Science Research
Center, City University of New York, New York, NY, USA. °L. V. Kirensky Institute of Physics, Krasnoyarsk, Russia.
8School of Engineering and Technology, University of New South Wales, Canberra, Australian Capital Territory,
Australia. ’Physics Program, Graduate Center, City University of New York, New York, NY, USA. ®These authors
contributed equally: Lujun Huang, Sibo Huang, Chen Shen, Simon Yves, Artem S. Pilipchuk. [</e-mail: [jhuang@
phy.ecnu.edu.cn; yongli@tongji.edu.cn; almas@tnp.krasn.ru; aalu@gc.cuny.edu; andrey.miroshnichenko@
unsw.edu.au

Nature Reviews Physics


https://doi.org/10.1038/s42254-023-00659-z
http://crossmark.crossref.org/dialog/?doi=10.1038/s42254-023-00659-z&domain=pdf
http://orcid.org/0000-0002-9343-796X
http://orcid.org/0000-0003-2402-4042
http://orcid.org/0000-0003-3535-8494
http://orcid.org/0000-0003-4139-1936
http://orcid.org/0000-0001-8049-9128
http://orcid.org/0000-0002-4297-5274
http://orcid.org/0000-0001-9607-6621
mailto:ljhuang@
phy.ecnu.edu.cn
mailto:ljhuang@
phy.ecnu.edu.cn
mailto:yongli@tongji.edu.cn
mailto:almas@tnp.krasn.ru
mailto:aalu@gc.cuny.edu
mailto:andrey.miroshnichenko@
unsw.edu.au
mailto:andrey.miroshnichenko@
unsw.edu.au

Review article

Key points

e Acoustic resonances in open systems are associated with
eigenmodes characterized by complex eigenfrequencies. These
resonances arise in various acoustic systems whose features can be
precisely engineered, making them promising for advanced sound
manipulation with resonant metastructure devices.

e An emerging class of non-Hermitian resonances is that of acoustic
bound states in the continuum, which are exotic resonances with a
theoretically unbounded Q-factor, providing a versatile and powerful
means of enhancing acoustic wave-matter interactions.

o By making use of the properties of active metamaterials and
metasurfaces, acoustic resonances can be precisely engineered to
feature active, nonlinear and non-reciprocal properties, as well as
parity-time-symmetric wave phenomena, showing great potential
for applications in enhanced acoustic wave control.

o Non-Hermitian Hamiltonians extend the common Hermitian
dispersion to the complex plane, resulting in additional exotic features
of the band structure. Among these, exceptional degeneracies and
bandgaps with unconventional topologies yield exciting and unusually
robust wave phenomena.

Introduction

Resonances are a universal phenomenon in nature, existing in open
systems with a non-Hermitian Hamiltonian that involves interaction
and energy exchange with the surrounding environment. Resonances
usually involve enhanced amplitudes for aspecific excitation frequency
that matches an intrinsic frequency of the system. They occur in any
wave system, including mechanical resonances, orbital resonances,
Feshbach resonances, acoustic resonances, electromagnetic reso-
nances and nuclear magnetic resonances. Acoustic resonances play a
fundamentalrole in controlling the response of sound and governing
acoustic wave-matter interactions. Inthatregard, they are at the core
of developing acoustic devices for sound manipulation.

In the past two decades, the rise of acoustic metamaterials and
metasurfaces has provided unprecedented freedomin tailoring acous-
tic resonances at any desired frequency'”. These metastructures,
namely artificial media obtained by arranging subwavelength struc-
turesinaperiodic manner, largely rely on the local resonant properties
of their constituents, called meta-atoms®. Each acoustic resonance in
the reflection/transmission spectrum is correlated to an eigenmode
of the non-Hermitian system®. These modes are characterized by com-
plex eigenfrequencies’®, whose real and imaginary parts correspond
to the resonance frequency and the half-linewidth of the resonance,
respectively. Similar to their quantum-mechanical and electromagnetic
counterparts, acoustic resonances play a crucial role in tailoring the
effective properties of ametamaterial, such as bulk modulus or mass
density’ ™. As alandmark example, precisely engineered acoustic
resonators have been used to realize negative bulk modulus”, negative
mass density'>?, or double negativity (simultaneous negative bulk
modulus and mass density)” ¢, which results in a negative index that
isnotavailable in natural materials.

Acousticresonances alsoinherently enable efficient confinement
of the pressure field, showing great potential for boosting acoustic

wave-matterinteractions. Amongsuchresonanteffects, acousticbound
states in the continuum'®* — exotic resonances with an infinite quality
(Q) factor —havereceived tremendous attention in both fundamental
physics and practical applications due to their extreme field confine-
ment. The addition of active schemes to acoustic metastructures brings
about many opportunities for creating highly reconfigurable and
non-reciprocal devices whose properties go beyond what common pas-
sive resonances can offer. Furthermore, introducing balanced gain and
lossintoacoupled resonator resultsin parity-time (PT) symmetry phases
and exceptional points (EPs)” . Besides this, acoustic resonances and
metastructures have been a substantial part of the transposition of
topologicalinsulator concepts fromelectronicsto classicalwavesinthe
past decade*. These systems thus make powerful tabletop platforms for
investigating new topological phenomena driven by non-Hermiticity.

This Review aims to provide an overview of the fundamental physics
ofacoustic resonancesinnon-Hermitian open systems and their various
applications (Fig.1). We first review several types of acoustic resonance
and discuss their applications in sound absorption, acoustic vortex
generation, acousticimaging and acoustic emission. We thensurvey the
recent progress of acoustic BICs, which are unique acoustic resonances
withinfinite Q-factors. We discuss the features of active resonances and
metamaterials, as well astheir rolein realizing non-reciprocity. We con-
clude with recent progress in non-Hermitian acoustics, including
PT-symmetry and EPs as well as non-Hermitian topological acoustics,
and provide our outlook on future perspectives.

Acoustic resonances in open systems
Resonances can be illustrated with a simple mass-spring model’
(Fig. 2a). Consider adamped mass on a spring driven by an applied
sinusoidal force. According to Newton’s second law, we have
2

ijf=Fo sin(wt) —kx—c?j—); @
where mis the mass, x is the displacement of the mass from the equi-
librium point, F,is the amplitude of the driving force, w is the angular
frequency, kis the spring constant, and cis the viscous damping coef-
ficient. By defining the undamped angular frequency w, = \/k/_m and
dampedration = 5 °_ we can rewrite the above equation as

Jmk’
dx dx F .
a2t 200 4+ wéx= 1 Sin(@0) (2)

The general solution of equation (2) is the sum of a transient
solution and a steady-state solution. As the transient solution decays
very fast, a steady-state solution is sufficient to study the resonance.
The steady-state solution takes the following form:

FO
m| Qoo+ (¢ - w

x(t) = Y sin(wt+ @) (3)

where ¢ = arctan[jf‘fi'ij +nm(n=0,1,2,...)
0

The amplitude of displacement varies depending on the damping

ratio (Fig. 2b). Resonance occurs with maximum amplitude at the

driving frequency. The resonant frequency w, can be obtained

asw, = wy/1- 21>

Types of acoustic resonances
An open acoustic system interacts and exchanges energy with the
surrounding environment. It has a non-Hermitian Hamiltonian and
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Fig.1| Acoustic resonances in non-Hermitian open systems. a, Overview of
different types of resonance and ways to engineer them. Acoustic resonances
include Helmholtz resonances, Mie resonances, membrane resonances and
guided-mode resonances. Bound states in the continuum (BICs) are a unique
type of acoustic resonance with infinite Q-factors. Acoustic resonances, which
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Acoustic metamaterials and metasurfaces

are associated with acoustic resonant modes in open systems, can be tailored in
an active way or by introducing gain and loss in the coupled resonator system.
Exotic topological features also appear in an open system with a tailored
non-Hermiticity. b, Timeline of milestones in the field. EP, exceptional point;
MM, metamaterial; MS, metasurface; NH, non-Hermitian; PT, parity-time.

thus supports a series of acoustic leaky modes’®. Unlike guided
modes, whose eigenfields decay exponentially to zero in the far field,
leaky modes can propagate into infinity owing to outgoing boundary
conditions. These leaky modes’ are associated with complex eigenfre-
quencies, which can be written as w = w, — iy, where w, and y are the
resonant frequency and radiative decay rate of leaky modes, respec-
tively. Their Q-factors are calculated by the ratio Q = w,/2y. Similar
to other physical systems, leaky modes in an open acoustic system
playacentralrolein governingits acoustic properties. These resonant
states form the basis of many engineered structures such as meta-
materials and metasurfaces, which consist specific arrangements of
subwavelength resonators.

Helmholtzresonances. Typical examples of acoustic open resonators
include musicalinstruments such as guitars and violins. Amongst these
resonators, one of the simplest cases is a Helmholtz resonator, which
consists of a rigid-walled, fluid-filled cavity connected to a narrow
neck®. Helmholtz resonators support many resonant modes, and the
fundamental (lowest-order) mode can be modelled as a mass-spring
system (Fig. 2c). To afirstapproximation, the mass of the airinthe neck
regionis given by m = p SI, where p, is the average air density, Sis the
areaoftheneck and/isits length. The displacement of the mass of air
with cross-section Sby distance xleads to a change in the volume of the
cavity AV=_Sx. Consequently, the acoustic pressure p represents
the change in pressure relative to its static value, and is related to the
changein volume by the adiabatic bulk modulus K:
AV S
p=K 7 I(Vx

The restoring force is then the integral of this pressure over the
neck cross-section, F = KS?x/V, which is equivalent to Hooke’s law for
a spring of stiffness k = KS*/V. This effective mass and stiffness act
together to form a resonant system, with the resonant frequency
given by

“)

(5

w:ﬁ: kS
O Nm | pVt

Other systems featuring Helmholtz resonances include tube
resonators that consist of atube waveguide connected to aside reso-
nator via a neck. Such open resonators support a series of resonant
modes”, including fundamental and high-order modes”. Acoustic
BICs are also present when the structure parameters satisfy certain
conditions®. Helmholtz resonators have been widely used for sound
trapping and absorption?. They also allow for precise design of the
effective bulk modulus. For instance, by arranging an array of sub-
wavelength Helmholtz resonators, an effective dynamic modulus
with negative values (rather than the positive values of conventional
natural materials) was demonstrated near the resonance frequency
in the ultrasonic regime based on the homogenized media theory".
This may find promising applications in noise control and emission
engineering.

Mie resonances. Mie resonances are typically associated with photons
butcanalsobe createdinacoustic systems. Similar to Mie resonancesin
nanophotonics, acoustic multipolar Mie resonances allow tailoring of
thefar field of acoustic waves. For instance, dipolar Mie resonances can
be used for directional sensing®. A highly directional and collimated
beam without a sidelobe can be realized based on monopolar Mie
resonances®. Similarly, the radiation pattern canbe tailored by placing
multiple configurable sources inside the degenerate Mie resonances
to achieve enhanced directivity®. Mie resonances are usually found
in high-index dielectric metastructures**>**, and the emergence of
acoustic metamaterials has provided a flexible way to control effective
high-index structures for sound.

One strategy for realizing a high refractive index in a single res-
onator is to coil up the space within it**. A maze-like structure can
support Mie resonances® with monopolar, dipolar and multipolar
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Fig.2| Types of acoustic resonance. a, Mass—-spring model. b, Displacement
amplitude versus frequency, w/w,, at different damping ratios, 5. ¢, Helmholtz
resonator, where the colour gradient denotes the pressure gradient in the cavity.
h, dimension perpendicular to the page; K, adiabatic bulk modulus. d, Mie
resonator and the pressure-field distribution of quadrupolar Mie resonances.

e, Membrane resonator and pressure profile of two modes, with W/W,being
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the normal displacement of the membrane (W) normalized to the amplitude
oftheincident sound wave (W,). f, Perforated metallic grating and pressure-field
distributions of two Fabry-Perot resonances. Panel d adapted with permission
fromref. 35, Springer Nature Limited. Panel e adapted with permission from

ref. 52, Springer Nature Limited.

characteristics (Fig. 2d). The effective high refractive index is obtained
insuchastructure because the acoustic wave propagates along the zig-
zag channel, considerably increasing the acoustic path. The highindex
ofthe structure also ensures that the dimensions of the Mie resonator
fall within the subwavelength regime. The value of the effective refrac-
tive index can be easily modulated by controlling the curling number
N of zigzag channels. For a concentric labyrinthine metamaterial,
the complex eigenfrequencies of Mie resonances can be derived in
principle by expanding the eigenfunctions in different regions as the
superposition of Bessel and Hankel functions, and matching bound-
ary conditions. For other shapes, their complex eigenfrequencies
and eigenfields can be calculated by commercial software COMSOL
Multiphysics. The nature of Mie resonances can be confirmed by
performing multipole decomposition.

If an array of Mie resonators is arranged as an acoustic metasur-
faceinasingle chain or 2D lattice, the effective mass density and bulk
modulus can be tailored in an unprecedented way. For example, the
monopolar and dipolar Mie resonances supported by an ultra-sparse
metasurface with a subwavelength thickness induce a single nega-
tive bulk modulus and single negative mass density, respectively™.
Space-coiled metamaterials have been used for realizing simultaneous
negative mass density and bulk modulus®*****, and effective impedance

can be modulated from a mismatched one to a perfectly matched
one with a Mie resonator dimer*®. Harnessing the fact that the curling
number of zigzag channels of Mie resonators controls their effective
refractive index, acoustic rainbow trapping has also been achieved®.
Inaddition, the widely accessible effective refractive index enables the
realization of acoustic gradient-index lenses*°.

Space-coiled acoustic metamaterials with high indices are not
the only platform for hosting acoustic Mie resonances. Theoretical
work shows that simultaneous negative mass density and negative
bulk modulus can be realized by arranging an array of silicone rub-
ber spheres in water'®. Monopolar and dipolar Mie resonances are
usually accompanied by a negative bulk modulus and negative mass
density. Double negativity on effective bulk modulus and mass density
is observed if both negative responses are strong enough. In 2015,
3D negative refraction was demonstrated by embedding macroporous
silicone rubber microbeads in awater-based gel matrix'. Sucha porous
structure reduces the sound speed, pushing the monopolar and dipolar
Mie resonances into the low-frequency regime and thereby open-
ing the door to soft acoustic metamaterials*. Other metastructures
exhibiting multipolar resonances are air bubble arrays in water*>*,
which have been applied to realize extraordinary transmission*®*,
superabsorption** and sound focusing®.
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Membrane resonances. Membrane-type or plate-type structures
can also host multipolar resonances**°. Compared with 3D-printed
metamaterials, decorated membrane resonators® are light and thin,
and their operation frequency usually falls within the audible range.
A membrane resonator consists of a flexible elastic membrane and a
rigid platelet attached to the centre of the membrane (Fig. 2e), which
can be effectively modelled by a mass-spring oscillator. The typical
thickness and diameter of the elastic membrane are submillimetre
and several centimetres, respectively. The resonant frequency canbe
easily tuned by the mass of the rigid platelet. Decorated membrane
resonators cantailor the frequency dispersion of mass and bulk modu-
lus. For example, the lowest eigenmode of a membrane resonator
exhibits dipolar resonances, whichin turn enable the negative density
behaviour”. Whenintegrated with rigid disks or vibrated higher-order
modes, these structures can support monopolar resonances that con-
tribute to a negative modulus®. By putting two membrane resonators
closetoeachother, itis possible torealize double negative mass density
and bulk modulus, owing to the coupling between them". In addition,
perfect absorption has been demonstrated experimentally based on
amembrane resonator™.

Guided-mode resonances. Acoustic resonances can also arise in
the form of guided-mode resonances in a periodic array of subwave-
length slits or holes perforated in a metallic film (Fig. 2f). Inspired
by extraordinary optical transmission in a perforated hole array of
a thin metallic film*, several works independently realized extraor-
dinary acoustic transmission in a grating with a narrow aperture®*,
Such an abnormal phenomenon is attributed to the excitation of
acoustic guided-mode resonances’®, which interferes strongly
with Fabry-Perot resonances in a single aperture. By harnessing the
coupling between the evanescent field and Fabry-Perot resonances,
acoustic deep-subwavelengthimaging was experimentally realized in
holey structured metamaterials®.

Applications of acoustic resonances

Acousticresonances are a powerful building block for diverse techno-
logical applications, which take advantage of their exceptional pro-
perties suchas enhanced wave-matter interaction, reduced footprint
and tunable effective acoustic-material parameters"**%, Applications
range from acoustic narrowband/broadband absorption to vortex
beam generation, imaging and enhanced emission.

Acoustic narrowband absorption. Acoustic resonances canenhance
sound dissipation over a certain frequency range around the reso-
nant frequencies, thus aiding the development of resonant acoustic
absorbers**"®2, Based on the coupled mode theory®* ®, the reflection
coefficient (r) of aresonator in a one-port system can be expressed as

2y

rzl_i(w—wo)+y+r

(6)

where w represents the angular frequency of the incident waves, w, is
the resonant frequency, y and I denote the radiative and dissipative
decay rates of the resonance. y=1/t,, and I'=1/1,, with 7, and 7, being
thelifetimes of the resonance due toradiation and intrinsic (thermov-
iscous) losses, respectively. The absorption coefficient is then given
by a=1-|rl>. Theinteraction between yand Idetermines the absorption
coefficient and gives rise to the ‘critical coupling’ conditionaty =T,
leading to a perfect absorption®*°¢7°,

When a deep-subwavelength structure in a one-port system sup-
ports an acoustic resonance satisfying the critical coupling condi-
tion (generally with small y and I"), an ultrathin (compared with the
working wavelength 1) and narrowband perfect absorber can be
achieved®®”"”°, For example, a membrane-type resonator® and a
curled-channel resonator®® have been harnessed to realize narrow-
band perfect absorption with structural thicknesses below 1/100
(Fig. 3a).

Acoustic broadband absorption. There are two typical strategies
for realizing broadband absorption through the coupling of multi-
ple resonances. The first strategy is to couple resonances that indi-
vidually approach the critical coupling condition for broadband
high-efficiency absorption. Frequently used resonances include
quarter-wavelength resonances® ¢, Helmholtz resonances® * and
Mie resonances®**% In this strategy, the individual resonances pre-
dominantly contribute to the overall absorption performance, for
example in an ultra-broadband, high-efficiency absorber whose
thickness approaches a minimum®* (Fig. 3b). In this case, the resona-
tors nearly fulfil the critical coupling condition at their first-order
quarter-wavelength resonances.

Another strategy is to couple resonances that individually
deviate from the critical coupling condition, and go to an over-
coupling regime®. This strategy enhances the capacity of the cou-
pling effect’**” and enables it to dominate the overall absorption
performance’ %, Figure 3c manifests abroadband acoustic absorber
with minimal thickness by adapting the second design strategy®. The
Helmholtz resonancesindividually deviate from the critical coupling
condition, and the coupling effect dominates the overall absorption
performance.

Acoustic vortex beams. Acoustic vortex beams'”’ ' with resonance-
based orbital angular momentum have drawn considerable attentionin
recentyears due to their potential for contactless control of objects™* ™
and boosting the capacity of acoustic communication'®'”, A typical
acoustic systemthat can convertacoustic resonances to orbital angular
momentums follows a design with eight fanlike sections of resonators
(Fig. 3d). Through the judicious design of the radiation and intrinsic
losses of theresonator-pipe systems, target phases of transmitted waves
aswellas hightransmission of incident acoustic waves can be achieved
at the resonant frequency, leading to a resonance-based vortex beam
with high transmitted energy'”. Furthermore, the coupled resonances
allow for advanced modulation of transmitted waves, paving the way

for broadband resonance-based vortex beams"®.

Acoustic imaging. Acoustic resonances find another important
application in acoustic imaging for detecting deep-subwavelength
features™ "%, An array of deep-subwavelength acoustic Fabry-Perot
cavities can support the nearly non-dispersive transmission of both
propagating and evanescent waves over a wide range of wave vectors
at Fabry-Perot resonances, which enables superresolution acoustic
imaging with deep-subwavelength (~A/50) details (Fig. 3e). Never-
theless, the unavoidable intrinsic losses of the Fabry-Perot cavities
result in a decreased imaging quality. Comprehensive modulation of
boththe radiation and intrinsic losses/gains throughout designs may
pave the way for improved acousticimaging'>'%,

Acoustic sources. Acoustic resonances with low radiation (small y)
hold immense potential for enhancing the emission of sound sources
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Fig. 3| Applications of acoustic resonances. a, Acoustic perfect absorbers
made of amembrane-type acoustic resonator and a curled-space acoustic
resonator. The., theory; Sim., simulation. b, Broadband high-efficiency
acoustic absorbers consisting of 16 Fabry-Perot (FP) acoustic cavities. Upper
right: blue circles, experiment (FP channels); blue line, theory (FP channels);
green circles, experiment (sponge); green line, theory (sponge). Lower right:
red circles, experiment (FP channels + sponge); red line, theory (FP channels +
sponge). Exp., experiment. ¢, Broadband acoustic absorber composed of

36 cascading neck-embedded Helmholtz resonators. d, Acoustic vortex beam
with resonance-based orbital angular momentum. N, to N5, denote the orders
of the resonances, alongside the numbers of those whose absorption peaks

are higher than 0.1; fand fn represent the theoretical results of the full-width
at half-maximum and resonant frequency of aresonance, respectively.

e, Superresolution acoustic imaging realized by an array of Fabry-Perot
acoustic cavities. The stroke width of the letter E is ~1/50. f, Acoustic emission
enhancement with Mie resonators. APF, acoustic Purcell factor; DOS, density
of states. Left panel aadapted with permission from ref. 52, Springer Nature
Limited. Right panel a adapted with permission from ref. 80, AIP. Panel b
adapted with permission from ref. 84, RSC. Panel c adapted with permission
from ref. 94, Oxford Publishing Group. Panel d adapted with permission from
ref.107, APS. Panel e adapted with permission from ref. 57, Springer Nature
Limited. Panel fadapted with permission from ref. 126, APS.

such as loudspeakers. This phenomenon is often referred to as the
acoustic Purcell effect'”'?, Mie resonances with low radiation loss offer
apromisingavenue for achieving emission enhancement®, For example,
when aloudspeaker is placed at the centre of a structure supporting a
Mie resonance, the emitted acoustic waves are amplified compared
with emission in free space, particularly around the first-order Mie
resonance (Fig. 3f). However, the intrinsic loss within the resonant
structure limits the emission enhancement by dissipating the emit-
ted sound waves. A pair of well-matched y and I" of an acoustic res-
onance can induce extreme emission enhancement under a given "
(refs.128,129).

Acoustic bound states in the continuum
Acoustic BICsin an openresonator
So far, we have mainly discussed lower-order acoustic resonances with
relatively low Q-factors. Such acoustic resonances have been widely
used in realizing acoustic devices requiring broadband operation,
including acoustic absorbers and wavefront shaping. However, for
applications such as sensors and filters, high-Q acoustic resonances
are highly desirable. BICs have been regarded as anideal platform for
realizing high-Q acoustic resonances®*?°.

The concept of BICs originated from quantum mechanics
and was then generalized to acoustics and photonics. Usually, the
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continuum spectrum is presented in the form of extended states
in continuum frequencies. Outside the continuum, there are some
discretelevels, called bound states, that do not support any radiation.
Typical examples of bound states include guided modes in an optical
fibre and defect modes in a photonic bandgap structure. Inside the
continuum, a series of leaky resonances appear, due to the coupling
of bound states with the continuum. BICs correspond to perfectly
trapped modes with forbidden radiation despite embeddinginto the
continuum spectrum. Strictly speaking, BICs cannot be accessed by
any external excitation because they are completely decoupled from
the radiation waves despite outgoing boundary conditions. Math-
ematically speaking, a BIC corresponds to aresonant mode with zero
radiative decay rate and infinite Q-factor, whichis w =w,—iy (y =0,
Q=wy/2y =)

Symmetry-protected BICs. If asystem obeys reflection or rotational
symmetry, some eigenmodes become symmetry-protected BICs
owing to symmetry incompatibility'>**"**"*!, A simple system hosting
symmetry-protected BICs consists of a circular or rectangular rigid
obstaclein the centre of awaveguide with hard boundaries”"*™*°, The
typical symmetry-protected BIC in such a system has an eigenfield
profile thatis antisymmetric with respect to the x-axis (Fig. 4a, top).

Another excellent platform for studying BICs is a coupled
waveguide-resonator system. For example, if two waveguides are
attached symmetrically to the centre of the left and right sides of
rectangular resonators, a series of symmetry-protected BICs are
supported®°, Two typical symmetry-protected BICs are modes M,,
and M,,, both of which show antisymmetric pressure-field distributions
(Fig.4a, middle). The underlying physics behind such BICs is revealed
by applying an effective non-Hermitian Hamiltonian method”3130140-145
(Supplementary Sections1.1and 1.2).

Breaking the symmetry results in the transition from BICs into
quasi-BICs with afinite Q-factor. Asthe symmetryisbroken, the Q-factor
isinversely proportional toa?, where ais the asymmetry parameter of
the system (Fig. 4a, bottom). Symmetry-protected BICs (Fig. 4a, top)
were experimentally verified in1966'*¢, and quasi-BICs (Fig. 4a, middle)
have recently been demonstrated experimentally, thanks to the
advance of 3D printing technology®*'*’. A recent study'** revealed that
symmetry-protected BICs can be sustained in a coupled cylindrical
waveguide-cuboid resonator as long as the project-plane symmetry
is satisfied, further relaxing the usual requirement of building
symmetry-protected BICs that the attached waveguide should share
the same cylindrical axis.

Accidental BICs. Previous studies showed that a photonic crystal slab
ordielectricmetasurface supports accidental BICs in the first Brillouin
zone'*. However, one cannot define the first Brillouin zone in a finite
system, such as a coupled waveguide-resonator system (Fig. 4b). Under
such circumstances, accidental BICs are constructed by moving the
position of the attached waveguides™*"'. Taking a single-port coupled
waveguide-resonator system as an example (Fig. 4b, top), zero cou-
pling (W,,,,,-;=0) between propagating mode of waveguide and
eigenmode M,,, happens at

2s-1 1o )
a—mLy 5;Wlth5—1,2,3,...,n 1 @)

ifonly the first channel p = 1is considered. Note that this equation gives
the critical position around which the BICs are found. For an even n,

symmetry-protected BICs occur exactly ata= (L, —1)/2. Accidental
BICs only happen at n > 2. The pressure-field distributions of two typ-
ical accidental BICs are almost the same as the eigenfield distribution
of mode M; in a closed resonator (Fig. 4b, middle). Nevertheless, the
critical position of the attached waveguide for accidental BICs always
slightly deviates from the above prediction because of the contribution
of evanescent modes (Fig. 4b, bottom). Other accidental BICs are found
by tuning the angle between two waveguides in a non-axisymmetric
cylindrical waveguides™®", Note that the formation physics of acci-
dental BICs is also well captured by the effective non-Hermitian
Hamiltonian method"3"*°"*? (see Supplementary Section 1.2).

Friedrich-Wintgen BICs. Friedrich-Wintgen BICs are a type of
non-trivial BICs that have triggered extensive interest in both acous-
tic and photonic communities (Fig. 4c). The fundamental physics
behind Friedrich-Wintgen BICs are the interferences betweenresonant
modes"?, which canbe described by asimplified two-mode approxima-
tion system"*'>* (Supplementary Section 1.3). When the eigenenergies
of two resonant states cross each other with a continuous param-
eter, strong mode coupling directly leads to the avoided crossing of
two modes in the eigenenergy space’*. Meanwhile, the resonance
linewidth of one mode is reduced to zero, signifying the formation
of BICs, and the other is boosted to maximum'”’. Thus, the key to real-
izing Friedrich-Wintgen BICsis to build avoided crossing of two leaky
modes as a function of a continuous parameter. For a rectangular
resonator with two waveguides symmetrically attached, one canalways
find Friedrich-Wintgen BICs by considering a pair of modes M,,, and
M,.2.0-2 Via tuning the size ratio between height and width, because
these two modes become degenerate at a certain sizeratio foraclosed
rectangular resonator’**°, The attached open waveguides introduce
strong coupling between the modes, leading to the avoided crossing
ofthemodes’ resonance position and formation of Friedrich-Wintgen
BICs. The strategy of creating avoided crossing of pair modes has
beenwidely used to construct quasi-BICs or BICs ina single dielectric
particle system or an array of such systems®*'*, Here, it is noteworthy
that when constructing Friedrich-Wintgen BICs, two modes must have
the same parity so that their eigenfield distributions can evolve into
eachother.Inprinciple, paireigenmodesM,,,and M,,,, ., in the closed
resonator can become degenerate at a specific size ratio even if they
have opposite parity. These pair modes can also be applied to build
Friedrich-Wintgen BICsinamore general way"°. For example, modes
M,, and M,, become degenerate at R =1. On introducing one or two
semi-infinite waveguides and varying the dimension of the resonator,
one of the eigenmodes becomes Friedrich-Wintgen BICs"%"* (Fig. 4c,
bottom). The interesting thing is that the eigenfield of Friedrich-
Wintgen BICs is a superposition of eigenmodes M,, and M, of aclosed
resonator. Tuning the attached waveguide position can help to arbi-
trarily engineer the eigenfield distribution of Friedrich-Wintgen BICs.
The nature of the BICs can also be switched from Friedrich-Wintgen
BICs to accidental BICs or symmetry-protected BICs by moving the
waveguide position.

Fabry-Perot BICs. When two identical resonators are coupled to each
other viathe same waveguide channel, Fabry-Perot BICs are found by
tuning the distance between them'°'%3, The formation mechanism is
well captured by asimple two-level system (Supplementary Section 1.4).
Eachresonator serves as a perfect mirror onresonance. When the pro-
pagating phase ¢ satisfies ¢ = kd=mmn (m=1,2, 3...), acoustic waves
are perfectly trapped between two mirrors, and thus bonding or
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Fig.4|Acoustic BICs. a, Typical eigenfield distribution of symmetry-protected
bound states in the continuum (BICs) and the Q-factor of quasi-BICs versus
asymmetry parameter a. b, Accidental BICs. The top panel shows a schematic
drawing of asingle-port waveguide-resonator system. The middle panel shows the
eigenfield distributions of two representative accidental BICs. The bottom panel
shows the Q-factor versus attached waveguide position. ¢, Friedrich-Wintgen
BICsinacoupled waveguide-resonator system. The top and middle panels
correspond to the normalized resonant frequencies (ka) and Q-factors of modes
M,;and M,, versus the size ratio R of the rectangular resonator. The bottom panel
shows the Q-factor of twisted mode M,, as a function of size ratio. d, Fabry-Perot
BICsinacoupled waveguide-dimer resonators system. The top panel shows the

eigenfield distribution of normal Fabry-Perot BICs and their Q-factors versus
distance d between two resonators. The middle panel shows the eigenfield
distributions of two antibonding Fabry-Perot BICs before merging. The bottom
panel shows the Q-factors of antibonding Fabry-Perot BICs versus distance before
and after merging. e, Mirror-induced BICs in a coupled waveguide-resonator
system. The top panel shows the schematic drawing of side-coupled waveguide-
resonators and their equivalence of coupled waveguide-rectangular resonators.
The middle and bottom panels show the Q-factors versus the size ratios of side
resonators and rectangular resonators. Panel b adapted with permission from
ref.150, APS. Bottom panel c adapted with permission from ref. 150, APS. Panel d
adapted with permission fromref. 164, Wiley.

antibonding Fabry-Perot BICs are formed (Fig.4d, top). Note that the
resonators are coupled with the waveguide through a short neck.
If the neck is removed, two bonding (antibonding) Fabry-Perot BICs
appear, and they move, merge and disappear (Fig. 4d, middle and
bottom) as a function of distance between coupled resonators as the
width of the rectangular resonator is varied'**. Unlike merging BICs
occurring in momentum space in a dielectric grating'®® or photonic
crystal slab'*®, such a BIC merging phenomenon was found in geometry
parameter space, considerably relaxing the fabrication errors. This
unique phenomenon is explained from a topological charge
evolution perspective, where each BIC is correlated to a pair of +1
and -1charges.

Mirror-induced BICs. Because the exterior boundaries of most
acoustic resonators are set as hard walls, equivalent to the perfect
electricconductorinelectromagnetics, itisreasonable to treat them
as partial mirrors (Fig. 4e). Under such circumstances, all BICs whose
eigenfield profile is symmetric with respect to the certain axis can be
converted into mirror BICs by reducing the dimensions to half the
original size?®. The shrunk dimensions also reduce mode volume and
enhance the Purcell effect in acoustics. The mirror-based approach
providesresearchers with aneasy and straightforward way of building
more BICs.

Applications of acoustic BICs

Acoustic BICs allow for the realization of high-Qacoustic resonances,
offering a new platform for developing acoustic devices featuring
high intensity and high sensitivity. Many acoustic applications based
on normal Fabry-Perot resonances, Helmholtz resonances and Mie
resonances can find counterparts based on acoustic quasi-BICs,
and the quasi-BICs can further push the performance limit of some
acoustic devices that other normal resonances cannot offer, such as
higher sensitivity, higher energy intensity and enhanced wave-matter
interactions.

Perfect absorption. Acoustic quasi-BICs have an ultra-small radiation
loss (y), and thus narrowband perfect absorption can be achieved for
acoustic quasi-BICs when fulfilling critical coupling with a matched
intrinsicloss (). When two quarter-wavelength cavities have the same
cross-section and the same cavity length, a pure BIC can be achieved
(Fig. 5a). By introducing asmalllength difference (Al) between the two
cavities, aquasi-BIC withlow and tunable radiation loss can be realized.
In conventional wisdom, wide cavities are considered ineffective for
sound absorption owing to their low intrinsic loss. In fact, perfect
absorption can be realized with a pair of balanced low intrinsic and
radiation losses'. Although the two cavities show very low absorption
individually, together they achieve coherently perfect absorption with
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strong pressure-field enhancement (Fig. 5b). Note that this concept
canalsobe appliedin other fields of wave physics such as elastic-wave
systems'®”'8, Additionally, chiral absorptions of vortex beams with
specific orbital angular momentum have been reported in systems
harnessing the chiral quasi-BIC, manifested by perfect absorption of
aleft-handed incident vortex and total reflection of a right-handed
counterpart'®. The chiral quasi-BICs are induced by breaking mirror
symmetry along the azimuthal direction.

Acoustic emission enhancement. Acoustic quasi-BICs are the ideal
candidates for pursuing large acoustic emission enhancement owing
tothe easily accessible infinitesimal radiation loss. Quasi-BIC-induced
acoustic emission enhancement has been demonstrated recently
by placing a loudspeaker at the bottom of an acoustic quasi-BIC-
supporting system'”. In the absence of the intrinsic loss (I'), a quasi-
BIC with decreasing radiation loss (y) induces increasing emission
enhancement, and an infinitesimal y leads to infinitely large emission.
However, the intrinsic losses in practical acoustic systems weaken the
emission enhancement, so the y of a quasi-BIC needs to be tuned to
approach the value of 'to maximize the emission enhancement under a
given/.Forasamplewithasquare cross-section of 100 mmside length,
the maximumacoustic Purcell factor?® achieved is 84.7 at the quasi-BIC'*
(Fig. 5¢). The maximum acoustic Purcell factor can be enhanced by
reducing the intrinsic loss of the quasi-BIC-supporting system.

Active phononic metamaterials and metasurfaces

Although passive acoustic resonances offer versatile ways to lever-
age sound-matter interactions, it is highly desirable to implement
their tunability and reconfigurability in practical applications. The fast

Top view Side view

Absorption

development of phononic metamaterials has mainly relied on reso-
nances in systems made of passive, linear time-invariant inclusions,
as discussed above. The passive phononic metamaterials, albeit pro-
viding more straightforward designs, inevitably come with strong
physical constraints, such as causality, passivity and reciprocity, for the
corresponding achievable effective properties*7*'"!, Notably, causal-
ity yields the Kramers-Kronig relations'”?, which fundamentally limit
the operating bandwidth of these devices, whileinherent dissipation,
such as thermoviscous damping of airborne sound, strongly hampers
their efficiency. These properties are particularly restrictivein the case
of resonant inclusions, building blocks of a considerable number of
metamaterial designs for which atrade-off between size and operating
bandwidth usually occurs.

Inresponse to these various obstacles, active phononic metama-
terials provide new opportunities that have been extensively explored
inthe past 10 years, allowing the breaking of causality, passivity and
reciprocity***7>'7* By definition, active metamaterials encompass
systems with some of the following properties: non-passivity, non-
linearity and time-dependence. Their building blocks are achieved
through various techniques such as piezoelectric patches "’ for
sound and elastic waves, electromagnet actuators'®*'®*, motorized
moving parts'®*'¥, electronic circuitry involving loaded elements'%
or feedback control"*”, active fluids**"’, thermoacoustic effects
in carbon nanotubes?°?%, advanced additive manufacturing tech-
niques for magneto**>**> and ultraviolet light-responsive material®*,

and devices harnessing air ionization properties®”. At the chip scale,
the addition of d.c. gate voltage
cal actuators
investigated.

206 ‘micro/nanoelectromechani-

207208 and optomechanical devices®* have also been
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Fig. 5| Applications of acoustic BICs. a, Example of a Friedrich-Wintgen
BIC-supporting system consisting of two acoustic quarter-wavelength cavities,
and the calculated and simulated Q (without intrinsic loss) for varying Al

CMT, coupled mode theory. b, The top panel is the absorption coefficients

of the coherent system (green), individual cavity A (blue) and individual

cavity B (red). The bottom panel is the reflection factor (blue) and pressure
amplification (red). y, radiation loss; I intrinsic loss; P, pressure amplitudes

Frequency (Hz) -25 o 25

atpoint1referringtoref.147; |pj|, pressure amplitudes of incident waves; S;" and
S, representincident and reflected waves, respectively; a, and ag denote the
mode amplitudes of cavities A and B, respectively. ¢, Measured and simulated
acoustic Purcell factors, F, and simulated acoustic pressure distributions of a
normal (empty) tube and the presented two-state system. S;, denotes the sound
source. Panels aand b adapted with permission fromref. 147, APS. Panel ¢
adapted with permission from ref. 129, Elsevier.
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Fig. 6| Active acoustic and phononic metamaterials. a, Meta-atom with odd
Willis parameter for non-reciprocal scattering obtained thanks to internal flow
control. Theterms a?¥ and a,” are Will coupling coefficients that indicate the
cross-coupling polarizability. b, Spatiotemporal modulated elastic beam for
non-reciprocal transmission. ¢, Non-Foster circuit-based acoustic radiation
from anactive piezoelectric transducer. d, Abeam with a collection of sensors
and actuators presents odd elasticity behaviour allowing for work extraction.

e, Virtual coherent absorption for elastodynamic waves. /(x,7) and O(x,7) denote
magnitude of incoming and outgoing fields. Panel aadapted with permission
fromref. 185, Springer Nature Limited. Panel b with permission fromref. 181,

APS. Panel cadapted with permission from ref. 189, National Academy of Sciences
USA. Panel d adapted with permission from ref. 218, Springer Nature Limited.
Panel eadapted with permission fromref. 222, AAAS.

Despite the inherentissues of stability and energy of these active
schemes, several exciting properties have been achieved with actively
tunable phononicresonances and metamaterials. For instance, arecon-
figurable electroacoustic metasurface allows real-time sonic steering
for possible applications insensing and communications®®. Onalarger
scale, a wall whose building blocks are two-state reconfigurable ele-
ments consisting of membranes loaded with magnets allows enhanced
spatiotemporal control of the acoustic field in a room, both in the
transientand stationary regime'*>*"!, Moreover, proper design of active
components can break time-reversal symmetry in the systemby induc-
ingtemporal modulation or putting the medium into motion, achieving
non-reciprocity”’*'$*?>"25 For instance, a geometrically symmetric
resonant meta-atomwith an embedded fanshows non-reciprocal scat-
tering, which can be interpreted as an odd Willis coupling parameter
under time-reversal symmetry'® (Fig. 6a). Besides, the spatiotem-
poral modulation of a linear elastic beam loaded with magnetically
tunable resonators generates asymmetric band structures, yielding
non-reciprocal wave transmission'® (Fig. 6b). Active components can
also induce tailored nonlinearities in the medium to break phononic
reciprocity?**” or mimic biological systems'”.

Furthermore, active media can be designed to induce control-
lable gain or loss in passive systems. For example, the active addition
of gain to passive resonances can enhance their radiated power and

greatlyincrease their bandwidth without changing their size, as demon-
strated with an acoustic antenna linked to a piezoelectric non-Foster
circuit™® (Fig. 6¢). Such active properties also permit the practical
implementation of an elastic beam with odd elasticity, allowing for
wave propagation in overdamped media and work extraction*®?
(Fig. 6d). Finally, going beyond the addition of physical gain or loss,
it is possible to make passive resonant systems behave as if they had
these non-Hermitian features by precisely tailoring the temporal shape
of the impinging wave????, These ‘virtual excitation’ protocols allow
for coherent absorption of elastodynamic waves®* (Fig. 6e).

Non-Hermitian acoustics and phononics
PT-symmetry and EPs in non-Hermitian systems

Active phononic metamaterials and metasurfaces offer aviable pathto
exploring fascinating non-Hermitian systems. Additionally, extending
acoustic resonances into the non-Hermitian regime can be linked to
PT-symmetry and EPs with tailored non-Hermiticity. In the parameter
space (usually the onsite loss or gain), a balanced loss-gain modu-
lation canlead to the formation of an EP, whichis a close analogy of the
PT-symmetric system originally proposed in quantum mechanics** %%,
Details on the theoretical background and mathematical description
canbefoundinSupplementary Section 2. Early works of PT-symmetry
and EPsinnon-Hermitian acoustic systems focused on strictly balanced
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loss and gain media®*’**®, Owing to the absence of natural gain media,
experimental approaches'®*??~*! ysually exploit active components
such as loudspeakers. Conversely, loss is typically realized by natural
dissipation associated with porous materials or groove structures.
PT-symmetry and the access of EPs are manifested by unidirectional
zero reflection of the system, where incident waves are reflectionless
in only one direction. Another attractive application of PT-symmetry
is the invisibility cloak?”, experimentally verified using non-Foster
electrical circuits®® and metasurfaces®”.

Along with the efforts to synthesize acoustic gain media®*?,
researchers have also worked on purely passive structures that
support PT-symmetry (‘passive PT-symmetry’)***>*¢, These purely
passive systems in which only loss takes place caninduce phenomena
similar to those existing in a balanced gain-loss system. For example,
non-Hermitian degeneracies of the eigenvalues were observed in 1D
wave systems>**?* later extended to 2D systems®”**%, Unidirectional

Backward
incidence

Wave-vector misma

2 o
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sound focusing can arise from a 2D curved metamaterial crystal at the
transition point between unbroken and broken PT-symmetry phases
(Fig. 7a). These concepts are also extended to metasurfaces, where
different diffraction orders are mapped to the specific ports in 1D
or 2D systems. As a result, strongly asymmetric diffraction”** and
higher-order EPs*** are observed by tuning the intrinsic loss of the
metasurfaces. Combining PT-symmetry and nonlinear effects can
furtherleadtotherealization of otherintriguing phenomena, including
acoustic non-reciprocity?****,

Another way to synthesize EPs is to use coupled resonator sys-
tems, which offer the convenience of engineering the onsite energy,
cross-coupling and intrinsic loss that can be directly mapped to the
Hamiltonian of the system. In addition to asingle EP which canbe real-
izedintwo coupled resonators, more complex non-Hermitian physics
and higher-order EPs are found in amultiresonator system** (Fig. 7b).
This approach has received much research attention in recent years,

Intensity (arb. units)

Fig.7|Non-Hermitian acoustics and phononics. a, An all-passive acoustic
parity-time-symmetric metamaterial for unidirectional wave focusing.

b, Higher-order exceptional points arising from four coupled acoustic cavity
resonators. ¢, Synthetic Weyl exceptional rings in a non-Hermitian phononic
crystal.d, Non-Hermitian topological whispering gallery modes allowing for
audio lasing with selective chirality. e, Non-Hermitian induced higher-order
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topology. f, Sonic non-Hermitian skin effect in a chain of actively coupled
acoustic cavities. Panel aadapted with permission fromref. 237, APS. Panel b
adapted with permission from ref. 245, APS. Panel c adapted with permission
fromref. 254, APS. Panel d adapted with permission from ref. 269, Springer
Nature Limited. Panel e adapted with permission from ref. 276, Springer Nature
Limited. Panel fadapted with permission from ref. 282, Springer Nature Limited.
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Glossary

Acoustic Purcell factor
Acoustic Purcell factor is defined as

Non-Hermitian system

A non-Hermitian system has a
Hamiltonian that is not equal to its
conjugate transpose, H+H", giving
rise to complex eigenvalues and
non-orthogonal eigenvectors,

the ratio of emitted acoustic power
of an acoustic source in a structure
and in free space (or in an empty tube
for waveguide systems).

manifested by an open system that

Active acoustic systems

Active acoustic systems involve tunable
properties including non-passivity,
nonlinearity and time-dependence.

involves interaction and energy exchange
with the surrounding environment.

Passive acoustic systems
Passive acoustic systems rely on the
natural propagation and reception of
sound waves without any intentional
modification or manipulation.

Bound states in the continuum
Bound states in the continuum

(BICs) are peculiar states with infinite
quality factors (or lifetime) and

Q-factors

The Q-factor is defined as the ratio

of the stored energy to the dissipated
energy per radian of the oscillation. Itis
widely used to describe the resonance

forbidden radiation, despite residing
in the radiation continuum.

Fabry-Perot resonances
Fabry-Perot resonances usually
behaviour of an underdamped
harmonic oscillator.

occur in a cavity made of two parallel
reflecting surfaces. They appear only
when the accumulated round-trip
phase in the cavity equals an integer
number of 2r.

Quasi-bound states in the
continuum

Quasi-bound states in the continuum
correspond to the eigenstates with finite
but high-quality factors by perturbing
system from critical parameters.

Hermitian system

A Hermitian system is usually
associated with a closed system with a
Hermitian Hamiltonian satisfying H=H",
where + indicates the combination of
complex conjugation and transposition
of Hamiltonian. The Hermitian

Willis coupling

Willis coupling in acoustic materials
defines the coupling strength between
nature ensures real eigenvalues and strains and momentum, analogous to

orthogonal eigenvectors. bianisotropy in electromagnetics.

with many unusual properties demonstrated, including but not limited
to anisotropic EPs**®, enhanced sound absorption®?*"**, chirality
reversal**, topological properties”*'and so on*>***, For instance,
a continuous enclosed trajectory of EPs can form an exceptional ring
that enables the exploration of high-dimensional non-Hermitian
physics®* (Fig. 7c). Along this line, the unique topology of EPs arising
from non-Hermitian systems is also studied in the context of various
acoustic resonator structures™> >,

Non-Hermitian topological acoustics and phononics

EPs yield non-zero topological charge which can be directly probed
thanks to the direct tuning of dissipation and coupling strength ena-
bled by resonant acoustic metastructures®*>*°>%* herebyintroduc-
ing a topological description of these non-Hermitian acoustic and
elastic resonant systems. The practical implementation of phononic
topological insulators®*****' based on the Hermitian bulk-boundary
correspondence often depends on active building blocks to break
time-reversal symmetry and induce the topological order*®. In this

context, acoustic Floquet topological devices have been proposed
as non-reciprocal sonic leaky-wave antennas®*. Moreover, substan-
tial efforts have been made to extend topological band theory to
non-Hermitian phononic systems, offering exciting opportunities
beyond the usual Hermitian picture. Owing to the complex nature of the
energy diagram, non-Hermitian bandgaps are fundamentally different
from their Hermitian counterparts. By definition, bandgaps are ensem-
bles of complex eigenvalues that do notintersectany of the bandsinthe
complex plane, which can be either line gaps or point gaps***** associ-
ated with inherently distinct features in the non-Hermitian context.
Here we describe some recent phononic implementations related to
these bandgaps, but we encourage curious readersto check therecent
literature®**2** for amore complete description of these phenomena.

The first approach to implement non-trivial line-gap topology
consists of adding loss and gain within the building blocks of a Hermi-
tian topological insulator. The resulting non-Hermitian topology of
the bandgap can be described by a non-zero topological invariant®”,
corresponding to damped and amplified edge modes which have been
studied in the context of valley-Hall*****° and higher-order phononic
topological insulators”®*”, For example, the thermoacoustic effect of
carbon nanotubes has been used to induce gain within a cavity based
on valley interface states, and demonstrated the equivalent of audio
lasing withembedded chirality®*’ (Fig. 7d). Besides, quasi-periodically
arranged resonators on an acoustic tube with controlled dissipation
yield topological edge states related to EP properties”>. Moreover,
non-trivial topological bandgaps can be solely opened by adding loss
or gain to the medium?>?”, Notably, by tailoring the spatial arrange-
ment of absorbers within a2D lattice of acoustic cavities, it is possible
to open trivial and topological bandgaps hosting corner modes in a
controllable manner?® (Fig. 7e).

If line-gap topology can be somehow related to Hermitian coun-
terparts, the case of point gaps is fundamentally different and intrin-
sically non-Hermitian. Typically, point-gap topology is described by
the winding number of complex bands instead of eigenvectors, which
results in wavefunctions with a net flow towards a specific direction of
space”””8, Adding an open boundary to the medium in that direction
leads to the accumulation of bulk wavefunctions at the edge boundary,
known as non-Hermitian skin effects?”*°2*!, Such effects have beenreal-
ized experimentally inacoustics within a 1D lattice of resonant cavities
with asymmetrical couplings induced by active components*? whose
fine-tuning can generate several types of winding topology (Fig. 7f). Simi-
lar phenomena have been induced by complex excitations*?, transposed
to higher-order schemes®** and studied in active elastic media** 2%,

Outlook

The recent emergence of acoustic metamaterials and metasurfaces
has provided attractive platforms for tailoring acoustic wave pro-
pagation in unprecedented ways. The past two decades have wit-
nessed rapid progress in accurately controlling acoustic resonances
and developing them towards applications ranging from noise control
to subwavelengthimaging. Despite much progress made in this field,
many questions remain unanswered, and numerous opportunities are
awaiting exploration.

So far, most resonance-based acoustic devices, such as those
used for vortex beam generation, subwavelength imaging and
source emission enhancement, have been limited to relatively
narrowband operation due to the dispersion nature of resonances.
This narrowband limitation poses a challenge in expanding their
practical implementation. Recent research on resonance-coupled
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acoustic absorbers has provided fresh insights into broadening the
operating frequency bandwidth, which may inspire the development
of other resonance-based acoustic devices. Furthermore, although
resonance-based acoustic devices demonstrate exceptional perfor-
mance in laboratory settings, their performance could be limited
by various factors in real-world application environments, includ-
ing high-intensity sound, airflow, low temperature and restrictions
imposed by mechanical and material properties. Hence, future efforts
should be directed towards investigating resonance-based acoustic
devices involving complex environmental factors.

Acoustic BICs have beenintensively investigated inan openreso-
nator in the past decade. Because both BICs and EPs correspond to
singular states, it is worthwhile investigating EPs in such an open sys-
tem and revealing their connection with BICs. Coupled waveguide-
resonator systems provide additional freedom to control acoustic
resonances, giving rise to Fabry-Perot BICs. Merged BICs also have
been reported. What will happen if the number of resonators is fur-
ther increased? If an array of coupled resonators is placed along a
waveguide, we may find unique topological properties that are tightly
bonded to BICs. Also, it would be useful to develop merged BICs in a
single resonator, whichwould reduce the size of the system. In addition,
asBICsreportedsofarareall passive, itis desirable torealize active BICs
forreal applications. Another direction worth investigating is acoustic
BICsinaperiodicsystem.Many interesting designs in photonic BICs can
bedirectly transplanted to acoustic metasurfaces, offering increased
flexibility in tailoring acoustic waves.

Onthe application side, only a few devices using BICs have been
proposed. We expect that there will be more research effort to push the
practical application of BICs. For example, itis possible to design chiral
acoustic metamaterials and unidirectional emissionsin either asingle
or periodic system by exploiting the singularity of BICs. Additionally,
it seems plausible to build a sound laser based on high-Q quasi-BICs.
Although so many future opportunities exist, the maximum Q-factor
of a quasi-BIC is bounded by the thermoviscous loss in real systems,
whichinturnlimitsthelargest pressure-field enhancement, preventing
therealization of high-performance acoustic sources. Understanding
how to alleviate the effect of viscous loss still remains a challenge for
pushing the upper limit of measured Q-factor to a few thousand or
even more. A recent study on non-Hermitian topological whispering
gallery®’ suggests that incorporating gain medium into resonators
may be agood solution to thisissue.

Furthermore, active metamaterials have introduced extreme
degrees of reconfigurability, enabling the dynamical steering of sound
and the optimization of its spatial profile. Their non-passive, nonlin-
ear and time-dependent properties, implemented with abroad range of
devices, allow wave manipulation beyond that which passive resonances
can offer. Hence, broadband, non-reciprocal and enhanced acoustic
wave propagation phenomena have been demonstrated, opening new
avenues for signal control and steering from the macroscale to the micro-
scale. Nevertheless, inherentissues of stability, speed, synchronization
and potentially bulky circuitry are technical challenges that must be
addressed to reduce the footprint of such active metamaterials.

Although investigations on PT-symmetric systems and EPs in
coupled resonator systems have revealed an interesting correla-
tion between the eigenstate of a system and its response to external
excitations, an ongoing effort is to push these studies into higher
dimensions or synthetic dimensions. This could lead to the realiza-
tion of more complex systems with richer physics, and the versatile
engineering of EP trajectories in parameter space. Finding practical

applicationsis another promising direction in this field. Forexample,
it has been shown that a greater sensitivity can be achieved by lever-
aging higher-order EPs. PT-symmetric systems can also give rise to
macroscopic asymmetric wave-scattering effects. Along this line, we
envisage that the engineering of non-Hermitian PT-symmetric and
EP-based systems by harnessing their interaction with the environment
couldleadto exciting possibilities in wave physics. Nevertheless, chal-
lenges remaininrealizing EPsin complex resonator systems, especially
those withexotic topologies. For example, tuning the parameter space
inahighly coupled platform could be difficult as the resonance states
are sensitive to perturbations. Also, it is stillnot an easy task to design
EP-embedded structures with practical relevance and scalability for
real-world applications.

Adding non-Hermitian features to the tight-binding Hamiltonian
opens many new opportunities in the context of topological band
theory. Notably, fundamental questions related to the topological
description of non-Hermitian systems still need to be answered, parti-
cularly in relation to the bulk-edge correspondence and to systems
with higher dimensions. Resonant metastructures provide a powerful
platformtoinvestigate these fundamental topological effects before
their potential generalization to other wave domains, such as micro-
waves, photonicsor polaritonics. Onthe practical side, adeeper under-
standing of non-Hermitian topological systems may help to improve
the performance of robust devices whose properties go beyond what
Hermitian topological systems can achieve. In particular, on their
translation to chip-scale footprints, these non-Hermitian topologically
protected effects may enable phononic lasing and directional field
enhancement mediated by the non-Hermitian skin effect, opening
opportunities for advanced telecommunications and sensing, once the
technical challenges related to instabilities and fabrication accuracy
have been addressed.
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