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Abstract: 25 

The radiation of electromagnetic and mechanical waves depends not only on the intrinsic properties 26 

of the emitter but also on the surrounding environment. This principle has laid the foundation for the 27 

developments of lasers, quantum optics, sonar, musical instruments and other wave-matter interaction 28 

related fields. In the conventional wisdom, the environment is defined exclusively by its eigenstates, and 29 

an emitter radiates into and interacts with these eigenstates. Here we show experimentally that this 30 

scenario breaks down at a non-Hermitian degeneracy known as an exceptional point. We find a 31 

chirality-reversal phenomenon in a ring cavity where the radiation field reveals the missing dimension of 32 

the Hilbert space, known as the Jordan vector. This phenomenon demonstrates that the radiation field of 33 

an emitter can become fully decoupled from the eigenstates of its environment. The generality of this 34 

striking phenomenon in wave-matter interaction is experimentally confirmed both in electromagnetic 35 

and acoustic systems. Our finding transforms the fundamental understanding of light-matter interaction 36 

and in general wave-matter interaction, and enriches the intriguing physics of exceptional points. 37 

38 

39 

   In electromagnetics, the canonical paradigm to consider the radiation process is built upon the notion that an 40 
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emitter interacts with the photonic eigenstates of its surrounding environment. This approach demonstrated its 41 

profound power in the understanding of spontaneous emission which is a fundamental phenomenon associated 42 

with the generation of light and plays an essential role in the development of modern quantum mechanics1-12. 43 

According to the theory pioneered by Weisskopf and Wigner1, spontaneous emission is induced by zero-point 44 

energy of the vacuum photon field. This concept was further developed by Purcell, who revealed that the rate of 45 

spontaneous emission relies on the interaction of the emitter with the photonic eigenstates of its surrounding 46 

environment2. Over the past decades, various systems including dielectric structures, photonic crystals, 47 

plasmonics, and metamaterials have been developed to construct desired photonic states and control light-matter 48 

interaction, which leads to applications ranging from low-threshold lasers, efficient single-photon sources, 49 

high-precision measurements, quantum information processing and so on4-12.  50 

In like manner, a striking puzzle in the propagation of sound was solved by Lord Rayleigh at the beginning 51 

of the 19th century13: The aforementioned paradigm in electromagnetics also revealed the acoustic 52 

whispering-gallery mode that enhances human voices inside St Paul’s cathedral in London, whose role Lord 53 

Rayleigh also contemplated in the propagation of earthquake disturbances. In fact, the same notion regarding 54 

the source of a mechanical wave and its surrounding vibrational modes has laid down the foundation to study, 55 

conceive and realize a wide range of dynamic behaviors. From architectural acoustics, musical instruments to 56 

sonar, ultrasonography and surface acoustic wave functional devices, breakthroughs have benefited from the 57 

evolving understanding of this paradigm14. 58 

However, the notion that the photonic or mechanical environment is determined exclusively by its 59 

eigenstates came under scrutiny in non-Hermitian systems with quantum-inspired symmetries, including those 60 

obeying the so-called parity-time (PT) symmetry15-27. PT-symmetric Hamiltonians can undergo a phase 61 

transition from the PT-symmetric phase with an entirely real spectrum to the spontaneously broken regime 62 

where eigenvalues appear as complex conjugate pairs24. In addition, a singularity known as an exceptional point 63 

or non-Hermitian degeneracy arises at the symmetry-breaking point28-31. At an exceptional point, two or more 64 

eigenstates become identical and so do their eigenvalues. As a result, the eigenstates do not span the entire 65 

Hilbert space at an exceptional point, with one or more dimensions missing. Mathematically, these missing 66 

dimensions are supplemented by the Jordan vectors32,33. While this property unique to non-Hermitian systems 67 

has been known for decades dating back to the study of nuclear decay34, the wave functions of these missing 68 
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dimensions have not been observed in any physical system.  69 

Utilizing the radiation of a single emitter in a PT-symmetric ring cavity, here we experimentally reveal the 70 

wave function of the missing dimension at an exceptional point in both electromagnetic and mechanical systems. 71 

Our observation presents a striking fact that the radiation field can become fully decoupled from the eigenstates 72 

of the environment, which fundamentally transforms our understanding of the emission process. Furthermore, 73 

we show in the experiment that the resulting radiation field displays completely opposite chirality to the 74 

coalesced eigenstate, leading to vortex emission in the far field carrying a non-zero orbital angular momentum 75 

(OAM). The the anomalous wave-matter interaction effect, the device design scheme and the methodology we 76 

demonstrate in our work will contribute to a board range of research fields, including non-Hermitian physics, 77 

photonics, acoustics as well as chiral quantum optics. 78 

General theoretical analysis 79 

We first present a general theoretical analysis based on coupled-mode equations to show that at an 80 

exceptional point the radiation field of an emitter can become fully decoupled from the eigenstates of its 81 

environment. Let us briefly review the interaction of a single emitter with a normal ring cavity. At a given 82 

cavity resonant frequency, the eigenstates with a non-zero OAM are doubly degenerate with two 83 

counter-propagating directions, one traveling clockwise (CW) and the other counterclockwise (CCW). Their 84 

wave functions are proportional to ݁௜௟ఝ and ݁ି௜௟ఝ, where ݈ and −݈ are their OAM and ߮ is the azimuthal 85 

angle. We will refer to them also as left-handed and right-handed whispering-gallery modes (WGMs). When a 86 

single emitter radiates at this resonant frequency inside the cavity, both eigenstates will be excited which is 87 

forced by the completeness and orthogonality of the eigenbasis (Fig. 1a). 88 

Now consider a ring cavity operating at an exceptional point by introducing a PT-symmetric refractive index 89 

modulation (݊(߮) = ݊଴ + ୖ݊ߜ cos(2݈߮) −  (2݈߮)) along the azimuthal direction (Fig. 1b), where ݊଴ is 90	sin୍݊ߜ݅

the background refractive index, and ୖ݊ߜ and ୍݊ߜ are real and imaginary parts of the refractive index 91 

modulation, respectively. The coupled-mode equations of the system can be written as: 92 

ݐ݀݀ ቀ ܽେ୛ܽେେ୛ቁ = ൬݅߱ − ୲୭୲ߛ ߯ୟୠ߯ୠୟ ݅߱ − ୲୭୲൰ߛ ቀ ܽେ୛ܽେେ୛ቁ ≡ ݅ℋ ቀ ܽେ୛ܽେେ୛ቁ . #(1)  
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In Eq. (1), ܽେ୛	(ܽେେ୛) is the complex amplitude of the CW (CCW) wave, and ߱ and ߛ୲୭୲ are the resonant 93 

frequency and total decay rate of the unperturbed counter-propagating WGMs in the non-Hermitian 94 

Hamiltonian ℋ. ߯ୟୠ(ୠୟ) ∝ ୖ݊ߜ) ∓ δ୍݊) are the coupling strengths from the CCW mode to the CW mode and 95 

vice versa (Supplementary Information S1). The system operates at an exceptional point when |ୖ݊ߜ| =  96 ,|୍݊ߜ|

i.e., the coupling between the two WGMs become unidirectional with either ߯ୟୠ or ߯ୠୟ vanishing, indicating 97 

that the back reflections induced by the real and imaginary parts of the index modulation ୖ݊ߜ,୍ interfere with 98 

each other in a completely destructive way for the CCW or CW wave. In this scenario, the Hamiltonian 99 

becomes a defective matrix with a single coalesced eigenstate ߰୉୔. In Fig. 1c, we show the evolution of the 100 

two eigenstates as a function of ୍݊ߜ/δ݊ୖ. At ୍݊ߜ/δ݊ୖ = 1, the two eigenstates become identical, i.e., the 101 

unidirectional CCW mode ߰୉୔ = ቀ01ቁ, and the two-dimensional Hilbert space coalesces to a one-dimensional 102 

space.  103 

At this exceptional point, a surprising phenomenon emerges when we introduce a single emitter to interact 104 

with the cavity: the radiation field of the emitter can become fully decoupled from the eigenstate. Instead, it 105 

couples to the missing dimension of the Hilbert space, i.e., the Jordan vector ܬ ∝ ቀ10ቁ defined by (ℋ −106 ߱૚)ܬ = ߰୉୔ , displaying the opposite handedness to the coalesced eigenstate (Fig. 1b). Considering a 107 

coupled-mode theory with an excitation source from a single emitter (Supplementary Information S2), the 108 

amplitude ratio of CCW to CW waves in the radiation field can be derived as: 109 

ܽେେ୛ܽେ୛ = 1 − ߯ୠୟ(߮଴)݅Δ − ୲୭୲ߛ , #(2)  

where Δ is the detuning between emitter oscillation frequency and cavity resonant frequency, ߯ୠୟ(߮଴) is the 110 

position-dependent coupling constant of the emitter excited CW mode to CCW mode (Supplementary 111 

Information S2). Due to the presence of the cavity total loss ߛ୲୭୲, ܽେେ୛/ܽେ୛ cannot be infinite, indicating that 112 

we cannot obtain a pure CCW wave, i.e., the coalesced eigenstate at the exceptional point. When on resonance 113 

(Δ = 0), the ratio vanishes at ߛ୲୭୲ = −߯ୠୟ(߮଴), which is the condition we have employed to observe a pure 114 

Jordan vector at an exceptional point. In our conducted experiments, it is satisfied with the requirements of 115 |߯ୠୟ(߮଴)| = ୲୭୲ and ߮଴ߛ =  The analysis from the coupled-mode equations provides us an intuitive 116 .4݈/ߨ
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physical picture to understand the chirality-reversal radiation via completely destructive interference between 117 

the directly radiated and the backscattered CCW waves. At ߛ୲୭୲ = −߯ୠୟ(߮଴), the emitter’s position of 118 ߮଴ = |is a result of the requirement of the destructive interference condition, while the requirement of 119 |߯ୠୟ(߮଴)	4݈/ߨ =  ୲୭୲ ensures that the amplitude of the reflected field accumulates and finally reaches the same 120ߛ

value as the direct emitted CCW mode (Supplementary Information S3).  121 

We note that the chirality-reversal phenomenon is in stark contrast to exceptional point lasers where the 122 

properties extracted are solely determined by the chiral eigenstates, but not the Jordan vectors. When the emitter 123 

position deviates from ߮଴ =  the interference condition will change accordingly. In exceptional point 124 ,4݈/ߨ

lasers, the emitters are distributed over the entire cavity, and therefore the chirality of the lasing mode is 125 

determined by the integrated radiation of all emitters. Basing on the Steady-state Ab-initio Laser Theory 126 

(SALT)35-36, we find that a uniform gain profile leads to lasing in the coalesced eigenstate, but not in the Jordan 127 

vector (Supplementary Information S4). 128 

To further validify the analysis based on coupled-mode equations, we employ the Green’s function to 129 

illustrate why the single emitter radiates in the opposite handedness of the coalesced eigenstate near and at an 130 

exceptional point. We note that even though electromagnetic and acoustic waves are different in several 131 

fundamental perspectives, e.g., with the latter being a longitudinal wave and depending on the thermal 132 

dynamical properties of a needed propagation medium, both of them can be described by the wave equation and 133 

a refractive index. Consequently, when the polarization of an electromagnetic mode is unimportant, the 134 

respective electromagnetic and acoustic modes can be defined using the Helmholtz equation. To capture their 135 

interaction with a single emitter in a PT-symmetric ring cavity with a radius ୖݎ , we use the corresponding 136 

Green’s function defined by 137 

ቈ ଶݎ1ୖ ߲ఝଶ + ݊ଶ(߮)݇ଶ቉ ,߮)ܩ ߮଴; ݇) = ݎ1ୖ ߮)ߜ − ߮଴), #(3)  

where ߮଴ is the source position and k is the free-space wave vector. If the quality factor of this CCW chiral 138 

mode is high, then the radiation of a point source embedded inside the cavity is expected to follow the pattern of 139 

the CCW chiral mode on resonance at the exceptional point, which can be seen from the bilinear expansion of 140 

the Green's function: 141 
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,߮)ܩ ߮଴; ݇) ≡෍ߙ௠߰௠(߮)௠ =෍ ߰௠(߮)߰௠(߮଴)൫݇ଶ − ෨݇௠ଶ ൯(݉,݉) ௞→௞෨ ೗ሱۛ ሮۛ௠
߰௟(߮)߰௟(߮଴)൫݇ଶ − ෨݇௟ଶ൯(݈, ݈) #(4)  

where ߰௠(߮)  and ෨݇௠ଶ  are respectively the eigenstates and eigenvalues defined by 142 ൤ ଵ௥౎మ ߲ఝଶ + ݊ଶ(߮) ෨݇௠ଶ ൨߰௠(߮) = 0 , and (݉,݉)  denotes the non-Hermitian inner product (Supplementary 143 

Information S4). However, this expectation following the conventional wisdom does not hold here, as indicated 144 

by the diverging right-hand side of Eq. (4) at the exceptional point: the denominator vanishes [i.e., (݈, ݈) = 0] 145 

due to the coalescence of the two eigenstates. To resolve these issues, we start from a system slightly deviated 146 

from the exceptional point (ୖ݊ߜ/୍݊ߜ ≡ 1 − ߫ଶ) and then take the limit ߫ → 0 towards the exceptional point at 147 ୖ݊ߜ/୍݊ߜ = 1. By omitting the off-resonance modes in Eq. (4), we approximate the Green’s function by the 148 

summation of the two almost identical eigenstates near the exceptional point, which are expressed in terms of 149 

CCW and CW waves themselves. We then insert it in Eq. (3) and drop the higher harmonic terms in the product 150 ݊ଶ(߮)߰௠(߮), which gives the Green's function: 151 

,߮)ܩ ߮଴; ݇) ∝ ݁௜௟(ఝିఝబ) + ൬1 + ୍݊݅ୖ݊ߜ ݁ିଶ௜௟ఝబ൰ ݁ି௜௟(ఝିఝబ)#(5)  

to the leading order in ߫, where ୍݊ is the imaginary part of the refractive index characterizing the total decay 152 

rate ߛ୲୭୲ of the cavity. The reciprocity of the Green's function can be easily checked despite the non-Hermitian 153 

nature of the system. It is important to note that this expression for the Green's function is independent of ߫, and 154 

hence it can be applied to the exceptional point as well. Strikingly, it indicates that the emitter’s radiation can 155 

become completely decoupled from the coalesced eigenstate, which happens when 1 + ఋ௡౎௜௡౅ ݁ିଶ௜௟ఝబ = 0. Note 156 

that this requirement is equivalent to the one we derived from coupled-mode equations. As a result, the Green's 157 

function (and hence the total radiation field) is unidirectional following that of the Jordan vector in the CW 158 

direction, which completely reverses the chirality of the CCW ring resonance at the exceptional point. 159 

Experimental verification in an electromagnetic system 160 

To construct the aforementioned exceptional point in an electromagnetic system, we employ a 161 

PT-symmetric coaxial microwave cavity to construct the exceptional point, where germanium ridges and air 162 

grooves are used to modulate the imaginary and real parts of the refractive index, respectively (Fig. 2a, 163 
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Supplementary Information S5). Note that the structure we constructed to interact with a single emitter is 164 

passive (i.e., without gain) but still effectively PT-symmetric. The cavity field is described by Eq. (1), and in the 165 

experiment we tune the PT-symmetric modulation to ୖ݊ߜ = ୟୠ߯)	୍݊ߜ = 0) to reach an exceptional point, 166 

giving rise to the coalesced CCW eigenstate with OAM |݈| = 1; (Fig. 2b, Supplementary Information S1 and 167 

S6).  168 

To investigate the interaction of a single emitter with the coaxial cavity at the exceptional point, a dipole 169 

antenna is employed as a single source and inserted into the fabricated cavity (Fig. 2c and 2d, Method). The 170 

radiation of a dipole antenna is governed by its photonic environment as in the spontaneous emission, while a 171 

subtle difference lies in the radiation rate37. Another dipole antenna is used to probe the radiation field 22 mm 172 

above the upper surface of the cavity, which leaks out through a ring opening (Fig. 2c, Supplementary 173 

Information S7). The height of the cavity itself is 21 mm, and the resonant frequency at the exceptional point is 174 

around 8.212 GHz. Red lines in Figs. 2e and 2f show the measured phase and amplitude of the radiation field 175 

when the excitation antenna is placed at the center of the loss region (߮଴ =  There are two remarkable 176 .(4/ߨ

features of the radiation field. First, the phase increases linearly from −ߨ to ߨ and the amplitude remains 177 

almost unchanged, which directly illustrates that the radiation field of the single dipole emitter is a traveling 178 

wave inside the cavity. In comparison, the antenna excites a standing wave in the control experiment of a  179 

normal ring cavity without PT-symmetric modulation, showing two amplitude nodes and the corresponding 180 ߨ 

phase jump at each node (blue curves in Fig. 2e and 2f). Second, the phase evolution of the radiation field 181 

indicates that it is a left-handed wave (~݁௜௟ఝ), which displays the opposite handedness to the coalesced 182 

right-handed eigenstate (~݁ି௜௟ఝ) at the exceptional point.  183 

Therefore, the chirality-reversal radiation provides the first direct observation of the wave function associated 184 

with the Jordan vector, to the best of our knowledge. It also reveals that the emitter can become fully decoupled 185 

from the eigenstates of the system, which is fundamentally different from previously reported chiral optical 186 

devices at an exceptional point (Supplementary video, Supplementary Information S4), where only the 187 

properties of the coalesced eigenstate are considered and observed38-43. We also note that when considering the 188 

time evolution of an initial state at an exceptional point without the emitter, the asymptotic wave function is 189 

given only by the coalesced eigenstate, even when the initial input state is the Jordan vector44,45.  190 
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The radiation of the single emitter excited exceptional point cavity is a vortex beam carrying OAM (Fig. 3a). 191 

Fig. 3b shows the measured amplitude and phase of the cavity radiation field. The spiral phase pattern and the 192 

intensity singularity due to the undefined phase at the center show clearly the signatures of a vortex beam with a 193 

topological charge of −1, and they match well with the simulation results (Fig. 3c). As a comparison, Fig. 3d 194 

shows the simulated amplitude and phase of the coalesced cavity eigenstate, which has the opposite handedness. 195 

The vortex nature and topological charge of the radiation field are also verified by observing at different heights 196 

above the cavity (Supplementary Information S8).  197 

Our system not only shines new light on light-matter interaction but also introduces a new knob for 198 

manipulating the radiation field at the single-emitter level. This functionality is achieved via the position- and 199 

frequency-dependent chirality of the dipole excited field (Fig. 4). Here the chirality is defined as ߞ = 1 −200 ୫୧୬ൣ|௔ి౓|మ,|௔ిి౓|మ൧୫ୟ୶ሾ|௔ి౓|మ,|௔ిి౓|మሿ12,46. The experimentally obtained chirality can reach a value as high as 0.995 at ߮଴ =  201 4/ߨ

(Fig. 4c). Fig. 4d shows the amplitudes of the dipole excited left-handed and right-handed fields as a function of 202 

the excitation frequency. The left-handed (right-handed) field reaches its maximum (minimum) near the 203 

resonant frequency. The contrast between left-handed and right-handed fields decreases as the frequency 204 

detuning increases, which is consistent with our theoretical prediction. Figure 4e shows the field distribution of 205 

the exceptional point cavity excited at a frequency far away from resonance, and Fig. 4f shows the field 206 

distribution of the normal ring cavity excited at the resonant frequency. Both patterns are standing waves 207 

corresponding to zero chirality.  208 

Experimental verification in an acoustic system 209 

 We have also observed the excitation of the Jordan vector and the associated chirality-reversal 210 

phenomenon in a mechanical wave system with a passive acoustic PT-symmetric ring cavity. The fabricated 211 

sample consists of a closed ring cavity with a rectangular cross-section with ܽ = 25	mm and ܾ = 50	mm (Fig. 212 

5a). The inner and outer radii are 40 mm and 65 mm, respectively. The background acoustic refractive index for 213 

the fundamental mode inside the ring cavity is experimentally determined to be 1.0047 − ݅0.0038 (relative to 214 

the acoustic refractive index of air, see Supplementary Information S9). The complex acoustic index modulation, 215 

whose amplitudes ୖ݊ߜ = ୍݊ߜ ≈ 0.0278 are obtained from the chirality-reversal condition, is realized by 216 

modifying the boundary condition of the cavity’s corresponding inner-wall regions with artificially constructed 217 
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meta-structures. The periodic meta-grooves provide capacitive boundaries to achieve slow sound, and the 218 

micro-perforated cavity walls yield resistive boundaries to tailor the loss (Supplementary Information S10 and 219 

S11). The point sound source (monopole) is implemented by embedding a balanced armature, emitting acoustic 220 

waves into the passive PT-symmetric ring cavity. Same as the electromagnetic experiment, the center of the loss 221 

region (߮଴ =  corresponds to the chirality-reversal condition. 222 (4/ߨ

The simulated and measured acoustic fields evidently validate our theoretical prediction and are consistent 223 

with the results obtained in the electromagnetic wave system. As shown in Fig. 5b, the introduction of a 224 

balanced passive PT-symmetric modulation alters the eigenstates of a normal ring cavity from a pair of 225 

counter-propagating modes to a coalesced CCW mode. The resultant chirality, denoted by the acoustic intensity 226 

vectors (black cones in Fig. 5b), can be represented by the continuous phase decrement from ߨ to −ߨ. As 227 

anticipated, the monopole sound source positioned at ߮଴ =  does not excite the CCW mode. Instead, it 228 4/ߨ

generates a WGM with inversed chirality to the cavity’s eigenmode, as depicted by the black cones in Fig. 5c. 229 

Consequently, the interference pattern nearly disappears in Fig. 5d, and the phase varies quasi-linearly from −230 ߨ 

to ߨ in Fig. 5e, in stark contrast to the standing-wave field inside a normal cavity without PT-symmetric index 231 

modulation (blue lines and circles in Figs. 5d and 5e). 232 

With the information experimentally retrieved from the standing-wave ratio and phase gradient, it can be 233 

seen in Figs. 6a and 6b that the chirality of the excited acoustic wave evolves continuously with respect to the 234 

azimuthal sound source position ߮଴. When 12/ߨ < ߮଴ <  the excited sound field is in the opposite 235 ,12/ߨ5

direction to the eigenmode. It becomes completely reversed as ߮଴ approaches 4/ߨ, which produces an almost 236 

linearly increased phase distribution (Fig. 6c). At ߮଴ =  the CCW and CW modes have equal 237 ,12/ߨor 5 12/ߨ

amplitudes to form a standing-wave field (Fig. 6d). After the azimuthal source position moves to −4/ߨ ≤238 ߮଴ < 12/ߨor 5 12/ߨ5 < ߮଴ ≤  the CCW mode outweighs the CW mode so that the chirality is in the 239 ,4/ߨ3

same direction as the eigenmode (Fig. 6e). Such a chirality-reversal behavior of sound suggests an additional 240 

degree-of-freedom, namely, the interplay between excitation source and eigenstates, hidden behind 241 

non-Hermitian degeneracies, since the studied passive acoustic PT-symmetric system consistently operates at a 242 

fixed exceptional point during the whole evolution process. Our demonstration of chirality reversal in the 243 

acoustic system provides a new path towards highly efficient and controllable generation of acoustic OAM with 244 

one single source, essential for many applications ranging from topological acoustics47,48 to particle 245 
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manipulation and high-speed acoustic communication49,50. On the other hand, with the unique capabilities and 246 

flexibilities such as zero cutoff in rigid waveguide and extremely low dispersion in air, acoustic wave 247 

systems51-53 have been gaining momentum as a distinctive and effective classical wave platform for 248 

experimental exploration of non-Hermitian physics. 249 

Conclusions 250 

In summary, we have revealed experimentally a surprising phenomenon of chirality-reversal radiation at an 251 

exceptional point, which provides a direct observation of the wave function associated with the Jordan vector, 252 

i.e., the missing dimension of the Hilbert space, for the first time. It also shows that the radiation field of an 253 

emitter can become fully decoupled from the eigenstates of its environment, which has not been known 254 

previously. Based on the chirality-reversal mechanism, we have further demonstrated vortex radiation with a 255 

tunable chirality. While there are various methods to generate optical vortices either by directly modulating laser 256 

cavities or the laser emission beam54,55, twisting the radiation of a single emitter directly into a vortex beam 257 

remains a formidable task. A promising approach that has been demonstrated in the emergent chiral quantum 258 

optics employs spin-momentum locking which however requires a circularly polarized dipole emitter12,56,57. 259 

Here instead, we have constructed a chiral vacuum field to twist the radiation of an embedded dipole with a 260 

simple linear polarization, which provides a new paradigm for chiral quantum optics at the nanoscale. Our 261 

experimental demonstrations are conducted in both electromagnetic and mechanical systems, which shows the 262 

generality of this striking phenomenon in wave-matter interaction. Therefore, our finding enriches the intriguing 263 

physics at an exceptional point, which we believe will have a broad influence on research fields including 264 

non-Hermitian physics, photonics, acoustics as well as chiral quantum optics. 265 
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Figure Captions 386 

Fig. 1 | Chirality-reversal radiation at an exceptional point. a, Schematic of a normal ring cavity with 387 

uniform refractive index, which supports two counter-propagating eigenstates (left). A single emitter at the 388 

resonant frequency will excite both eigenstates forced by the completeness and orthogonality of the eigenbasis 389 

(right). b, Schematic of a ring cavity operating at an exceptional point, where the two eigenstates coalesce (left). 390 

A single emitter can become fully decoupled from the coalesced eigenstate and radiates to the missing 391 

dimension with the opposite handedness (right). c, Evolution of the directions of the two eigenstates ߰ଵ,ଶ = 392 ቀ ܽେ୛ܽେେ୛ቁ of a parity-time symmetric ring cavity as a function of ୖ݊ߜ/୍݊ߜ, where ୍݊ߜ and ୖ݊ߜ are imaginary 393 

and real parts of the refractive index modulation introduced to the cavity. At ୖ݊ߜ/୍݊ߜ = 0, the two eigenstates 394 

are orthogonal; they coalesce when ୖ݊ߜ/୍݊ߜ = 1. Note that for	ୖ݊ߜ/୍݊ߜ > 1, the horizontal axis changes from 395 ܽେ୛ to ݅ܽେ୛. 396 

Fig. 2 | Experimental results of chirality-reversal radiation. a, b, Eigenstate (a) and single emitter radiation 397 

field (b) of an exceptional point cavity. To construct an exceptional point, a parity-time-symmetric refractive 398 

index modulation is introduced to a ring cavity as air grooves and germanium ridges. c, d, Experimentally 399 

fabricated exceptional point cavity with the cover in close (c) and open (d) configurations. e, f, Phase (e) and 400 

amplitude (f) of the single emitter radiation field as a function of the azimuthal angle ߮. As a comparison, the 401 

single emitter radiation field of a normal ring cavity is also presented. Circles: experiment; Solid lines: theory. 402 

Fig. 3 | Chirality-reversal vortex radiation from a single emitter. a, Schematic of the vortex radiation from a 403 

single emitter inside the exceptional point cavity. The radiation leaks out through a narrow ring opening on the 404 

cover of the cavity. b, c, Top row: experimental (b) and simulated (c) |ܧ௭| fields of the vortex radiation 22 mm 405 

above the cavity. Bottom row: the corresponding experimental and simulated ܧ௭ fields. d, Simulated |ܧ௭| and 406 ܧ௭ fields of the coalesced eigenstate of the cavity. Clearly, the single emitter excited vortex radiation presents 407 

opposite handedness to the eigenstate.  408 

Fig. 4 | Position- and frequency-dependent chirality of single-emitter radiation inside the exceptional 409 

point cavity. a, Amplitude ratio between the right-handed and left-handed waves of the single emitter radiation 410 

field in the parameter space of total loss rate ߛ୲୭୲ and coupling coefficient ߯ୠୟ(4/ߨ). Yellow star indicates the 411 
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experimental condition. b, Position-dependent left-handed and right-handed waves excitation of a single emitter 412 

inside the exceptional point cavity at |߯ୠୟ(߮଴)| =  ୲୭୲. c, Position dependent chirality of a single emitter 413ߛ

radiation field inside the exceptional point cavity at |߯ୠୟ(߮଴)| =  ୲୭୲. Dots: experiment, Solid line: theory. d, 414ߛ

Frequency-dependent left-handed and right-handed waves excitation of a single emitter inside the exceptional 415 

point cavity (dots) and the normal cavity (circles). e, |ܧ௭| field distribution of the excited field on the condition 416 

indicated by the green star in (d). f, |ܧ௭| field distribution of the excited field on the condition indicated by the 417 

black star in (d). Both (e) and (f) exhibit nodes in the azimuthal direction, indicating the excitation of a standing 418 

wave with zero orbital angular momentum. 419 

Fig. 5 | Experimental demonstrations of the chirality-reversal phenomenon in an acoustic wave system. a, 420 

Photo of the passive acoustic PT-symmetric ring cavity (݈ = 1). The cavity’s inner and outer radii are 40 mm 421 

and 65 mm, respectively. For the cross-section, ܽ = 25 mm and ܾ = 50 mm. The real part modulation is 422 

realized by decorating meta-grooves on the inner wall with ܾୖ୑ = 29 mm; the imaginary part modulation is 423 

done by introducing leakages via the micro-perforated plates with ୍ܾ୑ = 9.1 mm (See Method). The resonant 424 

frequency at the exceptional point is about 1040 Hz. b, Eigenstate and c, excited sound field in the passive 425 

PT-symmetric ring cavity. Black cones: acoustic intensity vectors. d, e, Measured and simulated pressure 426 

amplitude (d) and phase (e) distributions of the passive PT-symmetric ring cavity. As a comparison, the single 427 

emitter radiation field of a normal acoustic ring cavity is also presented. Circles: experiment; Solid lines: theory.  428 

Fig. 6 | Chirality evolution in the passive acoustic PT-symmetric system. a, b, Position-dependent 429 

left/right-handed mode intensity (a) and chirality (b) of a monopole radiation field inside the exceptional point 430 

cavity at |߯ୠୟ(߮଴)| =  ୲୭୲. The error bars denote the range of data variability from the mean values (data points) 431ߛ

of three independent measurements. Dots: experiment; Solid lines: theory. c-e, Measured sound fields inside the 432 

ring cavity for different source positions (c, ߮଴ = 4/ߨ ; d, 	߮଴ = 12/ߨ ; e, 	߮଴ = 4/ߨ− ). Left column: 433 

normalized pressure amplitude; Right column: phase. The luminous spots denote the source position. 434 

 435 

 436 

  437 
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Methods 438 

Experimental setup. The microwave cavity is made of stainless steel and consists of a bottom base and a cover, 439 

as shown in Fig. 2c and 2d. The radii of the central metal cylinder and the cavity are 20 mm and 60 mm, 440 

respectively. The height of the cavity is 21 mm. The thicknesses of the germanium ridges and air grooves used 441 

for refractive index modulation are both 2 mm. In the experiment, we employ a microwave vector network 442 

analyzer (VNA) to excite an antenna (fixed within the cavity) as a source to excite the cavity field. The input 443 

power is set to be 5 mW. The spectral scanning step is 1 MHz, and the intermediate frequency bandwidth 444 

(IFBW) is 50 kHz. The excitation frequency is in the range of 8.150 - 8.270 GHz. We probe the excited field 445 

with another antenna (2 mm length) fixed on an alumina plate above the cavity. The relative position of the 446 

probe antenna (fixed on the alumina plate) to the microwave cavity can be tuned by a xyz translation stage 447 

placed at the bottom. The spatial scanning steps in the azimuthal direction and radial direction are set to be 1 448 

mm and 2 mm, respectively. The excitation antenna is along the azimuthal direction since the electric field 449 

component along the azimuthal direction (ܧఝ) is dominant inside the cavity. In the vicinity of the alumina plate, 450 

only the ܧ௭ field (electric field component perpendicular to the alumina plate) exists due to the continuity 451 

requirements, and therefore we measure the ܧ௭ field in our experiment. Note that the ܧ௭ field has a phase 452 

shift of 2/ߨ with respect to the ܧఝ field (Fig. S8). The antennas are made of a coaxial cable. The outer 453 

conductor and sheath at the end of the cable are stripped away, leaving the centre conductor exposed (The 454 

diameter and the length is 0.9 mm and 11 mm, respectively).  455 

For experimental measurements in the acoustic wave system, as shown in Fig. S16, the lock-in amplifier 456 

(Zurich Instrument HF2LI) sends a continuous sinusoidal signal to the balanced armature (Knowles CI-22955) 457 

embedded at the bottom of the cavity. The operating frequency sweeps from 950 to 1150 Hz, covering the 458 

first-order cavity resonant frequency 1040 Hz. The vent of the balanced armature is about 1-mm in diameter, 459 

much smaller than the wavelength (~331.3 mm at 1040 Hz), which serves as a monopole source. The generated 460 

sound field inside the cavity is measured point-by-point with an azimuthal step of 10º using a 1/4-inch 461 

microphone (Brüel & Kjær Type 4935), during which the microphone itself forms part of the wall (viz. working 462 

as a pressure-field microphone) and other holes on the upper cover are sealed using plugs (see Fig. S16b). The 463 

signal is then recorded by the lock-in amplifier after going through a conditioning amplifier (Brüel & Kjær, 464 

NEXUS Type 2693A). Here the electrical signal applied to the balanced armature is used as a reference signal 465 
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to calibrate the phase response. At the bottom of the cavity, a series of slots (azimuthal spacing 15º) are reserved 466 

to install the balanced armature (see Fig. S16c) so that different source positions can be considered. 467 

Numerical mode simulations. We use the commercial software COMSOL Multiphysics to carry out the 468 

full-wave simulation throughout this work. In the simulation of the electromagnetic field, the metal is assumed 469 

to be a perfect electric conductor (PEC). For germanium material, the relative dielectric constant and the 470 

electrical conductivity are set to be 16.3 and 2.13 S/m, respectively. The thicknesses of the germanium ridges 471 

and air grooves are both 2 mm. The simulation shows that there only exists one pair of WGM modes at 8.208 472 

GHz in the frequency range of 8.150 - 8.270 GHz. The electric field distribution of this cavity mode is shown in 473 

Fig. S8. This result justifies our neglection of other cavity modes with different angular momentums and radial 474 

quantum numbers. In the simulation of acoustic wave, the background medium is air (22.5 ºC, one standard 475 

atmospheric pressure) with density ߩ଴ = 1.194	kg/mଷ and speed of sound ܿ௔ = 344.6	m/s. Other geometrical 476 

and material properties of the acoustic ring cavity include: cross-section area ܽ × ܾ = 25 × 50mmଶ, inner 477 

radius ୖݎ ଵ = 40	mm, outer radius ୖݎ ଶ = 65	mm, subwavelength periodic grooves with ݓ = ݌ 478 ,(rad) 200/ߨ3 = ℎ ,(rad) 40/ߨ = 5	mm, and ܾୖ୑ = 29	mm, and open-back impedance boundaries with ܼ୫୮୮ = (8.4 ଴ܿ௔ and ୍ܾ୑ߩ(0.4݅ 479+ = 9.1	mm (See Supplementary Information S10 and S11). 480 

Data availability 481 

The data represented in Figs. 2-6 are available as Source Data 1-5. All other data that support the plots within 482 

this paper and other findings of this study are available from the corresponding author upon reasonable request. 483 
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