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S1 Structure parameters of the metamaterial at CPA
EP

Part of the optimized metamaterial structure parameters depicted in Fig. 2A are listed
in Table 1. The spacing between two cavities is Af = 3.28°.

Table 1 Geometry parameters of the

metamaterial

Number 6; R; L;

1 25.94°  74.00 mm  6.30 mm
2 60.33° 82.26 mm  9.40 mm

S2 Experiment Analysis and Measurement Methods

1.Vortex beam excitation

The vortex modes in a cylindrical waveguide can be excited by a loudspeaker array
arranged circumferentially. The acoustic pressure p(r, ¢, z) in the waveguide, excited
by a monopole source, can be expressed as:

p= Y Y Anndn (kmar) e, (s1)
m=—oo n=0

When the infinitely long rigid-walled waveguide system contains Ny monopole sources,
the coefficient A,, ,, for the mode (m,n) is given by

N,
wWpPo —ik.z; ,—imep;
Am n — - E iIm k‘m R o ¥i S2
’ Zkzcgnn i=1 q ( ' 0) ‘ ‘ ( )

q; denotes the complex intensity of the i-th monopole source. Cfmn represents the
normalization coefficient, which can be obtained by

m2 2
X? =naRZ(1- T (k. Ro)]" S3
2= B (1= ) U o) s
The modal coefficients in the duct satisfy
X111  X12 " X1N, q1 Ay
X21  X22 " X2N, q2 A
. . . . . = . (S4)
XNyl XNp2 **° XNy N, qn, AN,
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where xn,, n. represents the weight coefficient of the IV,,,-th mode contributed by the
N,-th monopole source. The Eq. (S4) accounts for all the propagating modes in the
duct and can be simplified to

xQ = A. (S5)
Selective excitation of the target modes in a cylindrical waveguide necessitates the sup-
pression of all non-target modes by enforcing vanishing modal coefficients for undesired
modes. Given the weighting matrix x and modal coefficients vector A, the complex
source intensity vector Q can be determined by Eq. (S5). The amplitude and phase
information of each source in the array used for excitation are thereby obtained.

2.Experimental sound field mode calculation

The total acoustic field in the waveguide comprises multiple modes of incident and
reflected waves:

P = Z Int (kagnRo) €M (Al e + AG e k7). (S6)
M

According to Eq. (S16), the mode coefficient of the total acoustic field with mode m
can be expressed as:

Cy = Jpy (krmRo) (Ale?F=m® 4 A0remdkem= 4 f02g7 ke mm=) (S7)

Here, the scattering matrix can be solved by the double boundary method, and the
matrix equation can be expressed as:

C T, €3kzmizt g ik my 21 0 Ty € 3kzma 71 Al
Ct21 B Jmlejkz,m1Z2 Jmlefjkz,mlzz 0 Jm2€fjkz,m2zQ A?nl
Ct} 0 Jmle_{:z,mlzl szezzz,m2z2 sze_?:z,nl2z1 Al
Ct2 0 Jmle IRz, mq 22 Jm2e] z,moq 22 Jm2€ Jkz,mo 22 ASnQ

Jm1 = Jm1 (kr7m1RO) ) ng = J’mz (knmzRO) .
(38)

The superscript of mode coefficient C' denotes the number of circles in the microphone
array, while the subscript indicates the two different boundary conditions set at the
horn end. z;(2) denotes the distance from the first (second) microphone array to the
sample. In this design, we choose an open boundary and an impedance boundary
provided by a layer of melamine foam. From Eq. (S8), the incident and reflected
amplitudes A of modes m; = +1 and my = —1 can be calculated, and reflection
coefficients are obtained by the ratio of the corresponding mode amplitudes.

S3 Details and discussions for CCPA EP

For CPA, we have
Tyl =TTy (S9)
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in which all elements are non-zero. The eigenvalues of the scattering matrix established
based on chirality are

(r++ dr_+(rey —r_ )2+ 4T+J‘,+) . (510)
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Fig. S1 The absorption efficiency with regard to the incidence energy ratio of each

P2
Al
mode. T = ’ - ‘2+) - ‘2 is defined as the ratio of the mode m = +1 incident energy flow to the
Al 74| Al
L L
total incident energy flow, and the incident energy flux ratio of the mode m = —1 is given by 1 — 7.

a, The absorption response of A; to different incident energy flux ratios. The red and blue arrow-
labeled points correspond to the red star and blue diamond in Fig. 4b. b, The absorption response
of B to different incident energy flux ratios. The red and blue arrow-labeled points correspond to the
red star and blue hexagon in Fig. 4c.

Under the condition of CPA, the degeneracy requirement is A\; o = 0, which yields
Eq.(2). The absorption coefficient can be expressed as

Al Al

: 3 (S11)
AL+ AL]
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where AL = Ale’?r and AL = Ale?2. Given |AL|? = |AL|? = A and © =

o o
%, we can deduce that

2 2 2 2 ; ; i A
(s P P s P o) A3 21l Irg—| €8 4+ 2]y || €4-) A3ei

242
2 [2 + (eiAJr 4 eiA,) eiAi:I ,
(S12)

where Ay = arg(ryy) —arg(ry—) and A_ = arg(r_4) — arg(r—_). The eigenvector

of the CCPA EP discussed in the main text is vi 2 = 1Z , and in this case, the

i

CCPA EP has Ay = A; = 7/2. The other CCPA EP corresponding to v} , = <1

has Ay = Aj = —7/2.

a A=-mm2 B=0
-in g +\,> Sim. Exp. Sim. Exp.
e \> ___.‘ o
— Incidence
- ' \
“« Reflection
Re(p) . Ph.
| e | Q ||
N 1 0 1 -1 1
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Fig. S2 Simulated and experimental sound field distributions for total reflection points.
a,b, The sound field distributions at the blue diamond and hexagonal points in Fig. 4, respectively.

For the sake of simplicity, this work takes the equal energy flux incidence as an
example to realize CCPA EP. As the equal energy flux incidence condition is destroyed

|A | #+ |A | ) , the changes of sound absorption efficiency under different incidence
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1
(8 = 7/2). d-f, mirror-plane operation. a,d, Reflectivity spectra. b,e, Absorption spectra for dual-
mode (black) and single-mode (blue and red) incidence. c,f, Pressure field patterns of sound pressure
p at CPA EP.

Fig. S3 The CPA EP corresponding to the eigenvector v/ , = (l> . a-c, B-rotation operation

phase differences A; and structure rotation angle § are demonstrated in Fig. S1.
Considering that the system response associated with g is the same within the ranges
[—7,0] and [0, 7], the absorption coefficient spectra are only presented for the range
[0, 7]. Different energy flux ratios lead to significant changes of absorption efficiency.
Whereas in fact the design of CPA allows for the adjustment of the incident energy
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Fig. S4 Two manipulation schemes for the CPA EP corresponding to the eigenvector

3

vl 5 = (i) . a, Modulate incident phase difference. As the incident phase difference A; varies from

—7 to 7, the absorption coefficient undergoes a continuous transition from 0 to 1, and the reflection
phase difference spans the full range [—7, 7]. The maximum and minimum absorption are achieved
at Ay = —7/2 and A4+ = /2, respectively. b, Rotate the metamaterial. The absorption coefficient
and reflection phase difference A+ exhibit identical variation patterns over the intervals 8 € [—, 0]
and B € [0, 7]. The red diamond and hexagon mark the CPA EP, while the blue pentagrams indicate
the points of total reflection which correspond to the initial CPA EP configuration.

flux ratio according to the response of the structure, which may inspire the study of
CPA EP under unequal energy flux conditions.

According to Eq. S12, it can be inferred that, with all other conditions held con-
stant, the system exhibits total reflection when A; = —7/2, which is determined by
the coherent properties of sound waves. Another way provided by the geometric phase
to achieve the same reflective effect is to rotate the metamaterial by n/2 or —m/2.
The sound field distributions in Fig. S2 further illustrate the total reflection efficiency
of the system. The rotational symmetry of the metamaterial and the chirality of the
system facilitate EP manipulation. The observed total reflection points in Fig. S2b
manifest scattering features of CCPA EPs when excited through non-eigenchannel,
demonstrating EP state transformation. As evidenced in Fig. S3, the system excited by

the eigenvector v} 5 = simultaneously demonstrates reflection coefficient degen-

1
1
eracy and coherent perfect absorption at f. Spectral characteristics in the vicinity of
this CCPA EP exhibits identical to the initial CCPA EP.

The rotational operation and the mirror-symmetry operation define two distinct
methods for EP transitions. The scattering matrix after the rotation operation is
Sr = XRXSR™!, which is obtained by the action of the rotation operator R and
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Fig. S5 Scattering characteristics of the CPA EP [corresponds to the eigenvector vy s =
_12 ] after rotation and mirror-flip operations. a, Reflectivity spectra. b, Absorption spectra

for dual-mode (black) and single-mode (blue and red) incidence. ¢, Pressure field patterns of sound
pressure p at CPA EP.

01

1 O)' The mirror operator M = (0 1), when applied

the inversion operator X := ( 10

to the scattering matrix S and Sg, yields Sy = MSM™! = <T__ T_+> ,SrM =
Fi— T
1 r__e?  p_ .
MSrM— = Tiop | - When 8 = m/2 with all other system parame-
Ty+— ryy€
ters fixed, the scattering matrices satisfy S = Sgy and Sy = Sy, indicating that
the system recovers its original EP state through spatial symmetry transformations.
Specifically, the system converges to the identical CPA EP shown in Fig. S3 upon
both S-rotation (8 = 7/2) and mirror-plane operation. As expected, with variation of
A; and (8, this CCPA EP maintains similar response characteristics (Fig. S4) to the
initial CCPA EP. Furthermore, if the rotation and mirror operations are performed

successively, the system will return to the initial CCPA EP (Fig. S5).

S4 Enhanced sensitivity of CCPA EP

The higher-order mode channels via chiral waves provides a pathway to enhanced

sensitivity of CCPA EPs. Equation (4) can be generalized to higher-order TC modes
i2mp r
+7

T++€ iQmB) . The requirement of higher rota-

r_4 r__e
tional symmetry in the metamaterial to support higher-order modes enhances the

and is expressed as Sy = (
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sensitivity of the corresponding eigenvalues to rotational operations. As an example,
the higher-order chiral wave modes with TC = 42 are considered. The metamaterial
possessing Cy symmetry enables the propagation of modes with TC = £2. The corre-
sponding structural parameters are detailed in Table 2. The reflection and absorption
coefficients are shown in the Fig. S6. At the operational frequency of 3600 Hz, the sys-
tem exhibits coherent perfect absorption at an exceptional point, with the reflection
coefficient 4 = 0.45 + 0.214.

Table 2 Geometry parameters of the
metamaterial for TC = £2.

Number 0; R; L;

1 16.32° 67.72mm 14.81mm
2 35.28°  70.91lmm  21.77mm
3 19.02° 65.77mm 7.73mm
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Fig. S6 The CCPA EP for TC = £2. a, Reflectivity spectra. b, Absorption spectra for dual-
mode (black) and single-mode (blue and red) incidence. ¢, Pressure field patterns of sound pressure
p at CPA EP.

As discussed in the main text, the CCPA EP with TC = 2 exhibits enhanced
sensitivity to 8 perturbations, manifested by its absorption coefficient undergoing four
full cycles within a 27 variation of 8 (Fig. S7). The intrinsic properties of the system
change accordingly. For the CCPA EP with TC = +1, the eigenvalues undergo two
cycles during a full 27 rotation of the metamaterial (Fig. 5a). For the TC = 42
case, the eigenvalue traverses four cycles within the same rotational period (Fig. 5b).
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Within the interval of 6 € [0,7/9], the sensitivity of the EP demonstrates significant
enhancement (Fig. 5c¢). This demonstrates the feasibility of leveraging higher-order
TC channels to enhance the sensitivity of CPA EP.
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Fig. S7 The two absorption modulation responses of CCPA EP with TC = £2. a, Rotating
one of the incident vortices, |+), by a phase of A; (the left panel). The degree of absorption undergoes
a continuous transition from 0 to 100% as A; completes a full 27 cycle (the left panel). During
the process, the system itself characterized by A+ remains unchanged (the right panel). The red
pentagram and the blue diamond indicate the maximum and minimum absorption, respectively,
corresponding to "on” and ”off” of the symbol of the CCPA-EP. b, Rotating the metamaterial and
introducing a geometry phase to the system. The degree of absorption undergoes four cycles of
transition from 0 to 100% during a full 27 rotation, underpinning the Cy4-rotational symmetry of the
system. The red pentagram and the blue hexagon mark two different CCPA-EPs, where one exhibits
perfect absorption while the other results in total reflection under the same coherent inputs.

3

S5 Circumferential mode decomposition theory

The circumferential mode decomposition theory is a fundamental method for analyzing
the acoustic field in cylindrical waveguide systems. This discrete analytical approach
leveraging spatial sampling data enables rapid determination of vortex acoustic field
mode composition in waveguides. Azimuthal Fourier expansion of the sound field is

P(p) =D Crne™?. (S13)
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Multiply both sides of Eq. (S5) by ™% and integrate over [0, 27]:

2 2m
/ plp)e”Medp = / (Z Cmei"w> e Me . (S14)
0 0 -

The coefficient C,,, can be obtained using the orthogonality relationship of functions

1

T o

27
Cuy / P (cp)e*jM‘pdgo. (S15)
0

In the case of discrete sampling in simulations and experiments, the integral in Eq. S15
can be rewritten as

O = ﬁZﬂIp(wn)eW", (516)
where ¢,, = QWT" is the azimuthal angle of the n-th measurement point. As higher-
order propagating modes (|m| > 1) are suppressed in the design, the circumferential
mode decomposition for m = +1 can be accomplished by placing microphones at four
measurement points (N = 4). As the mode order increases, the number of microphones
also increases correspondingly. For example, for m = 42, six microphones are arranged
circumferentially to achieve accurate mode decomposition.
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