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            Abstract
In 1878, Lord Rayleigh observed the highly celebrated phenomenon of sound waves that creep around the curved gallery of St Paulâ€™s Cathedral in London1,2. These whispering-gallery waves scatter efficiently with little diffraction around an enclosure and have since found applications in ultrasonic fatigue and crack testing, and in the optical sensing of nanoparticles or molecules using silica microscale toroids. Recently, intense research efforts have focused on exploring non-Hermitian systems with cleverly matched gain and loss, facilitating unidirectional invisibility and exotic characteristics of exceptional points3,4. Likewise, the surge in physics using topological insulators comprising non-trivial symmetry-protected phases has laid the groundwork in reshaping highly unconventional avenues for robust and reflection-free guiding and steering of both sound and light5,6. Here we construct a topological gallery insulator using sonic crystals made of thermoplastic rods that are decorated with carbon nanotube films, which act as a sonic gain medium by virtue of electro-thermoacoustic coupling. By engineering specific non-Hermiticity textures to the activated rods, we are able to break the chiral symmetry of the whispering-gallery modes, which enables the out-coupling of topological â€˜audio lasingâ€™ modes with the desired handedness. We foresee that these findings will stimulate progress in non-destructive testing and acoustic sensing.
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                    Fig. 1: Complex band diagram of a sonic topological insulator with acoustic gain.[image: ]


Fig. 2: Assembly and non-Hermitian phase engineering.[image: ]


Fig. 3: Topological WG mode splitting.[image: ]


Fig. 4: Routing of amplified topological WG modes.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Experimental setup for modulating the acoustic gain.
The CNT films wrappedÂ around cylinders are connected with the electrical input and thus play the role of acoustic gain thanks toÂ electro-thermoacoustic coupling.


Extended Data Fig. 2 Symmetry analysis and the dispersion relations calculated from the kÂ·p method.
a, Schematic of the unit cell under C3v symmetry. b, c, Band diagrams of the C3v-symmetric sonic crystal with Î²Â =Â 0 (b) and with Î²Â =Â 0.05 (c). Coloured circles and solid curves epitomize the calculated results from the finite-element method and the kÂ·p method, respectively. dâ€“f, Same as aâ€“c, but for the sonic crystal preserved under C3 symmetry with the rotation angle Î¸Â =Â âˆ’Ï€/6.


Extended Data Fig. 3 Comparison between amplification through the meta-fluid and thermal-acoustic gain.
a, b, Simulated scattering pressure fields under the inward radiation of coaxial cylindrical waves by the meta-fluid model (a) and the thermal-acoustic gain model (b). c, Enhancement of the scattering pressure fields calculated by the meta-fluid model (purple line) and the thermal-acoustic gain model (orange dots) with different Î² at fÂ =Â 9.1Â kHz. d, Corresponding frequency dependence at Î²Â =Â 0.05.


Extended Data Fig. 4 Characterizations of the CNT film.
a, Experimental setup for measuring the sound pressure and the surface vibration displacement. b, Acoustic pressure amplitude spectra measured near the CNT film (solid curve) and the loudspeaker (dashed curve). c, Vibration displacements spectra measured by laser vibrometry. The solid and dashed curves represent surface displacement on the CNT film and the traditional paper basin loudspeaker, respectively. d, Photograph of the measurement setup for electrical impedance analysis. Inset: enlarged view of the single sample. e, Experimentally measured amplitude and phase of the impedance curve. f, Experimentally measured directivity pattern.


Extended Data Fig. 5 Physical model of the topological WG insulator.
The proposed topological domain wall can be regarded as a triangular acoustic waveguide, and the phase along each edge is labelled asÂ Î±j,Â with jÂ = 1, 2 and 3.


Extended Data Fig. 6 The influence of loss on the topological WG insulator.
aâ€“c, Spectrally resolved amplification factors through simulations considering the inherent loss with three different gain-phase textures:Â Ï• = 0 (a), Ï•Â = Ï€Â (b) and Ï•Â = 2Ï€Â (c). dâ€“f, Pressure-field distributions and their chiralities of the three resonances at three different gain-phase textures corresponding to the frequencies fâˆ’Â =Â 8,889Â Hz (d), f0Â =Â 8,999Â Hz (e) and f+Â =Â 9,103Â Hz (f).


Extended Data Fig. 7 Valley chirality-selective sound emissions of the topological WG insulator.
a, Left: illustration of the designed device for the out-coupling of the chiral WG modes. Right: enlarged view of the router.Â The insets in theÂ right panel showÂ photographs of the cylinder trimers wrapped without orÂ with CNT films. b, c, Momentum space analysis of the out-coupled K valley-projected topological WG mode of CW chirality at frequency fâˆ’Â =Â 8,889Â Hz (b) and Kâ€² valley-WG mode of CCW chirality at frequency f+Â =Â 9,106Â Hz (c). The white solid hexagon represents the first Brillouin zone and the white dashed circle shows the equi-frequency contour in air. Ambient thermal colour represents the corresponding simulated sound energy fields.


Extended Data Fig. 8 Thermogram of the device and influence of temperature.
a, Photograph of the sample. b, c, Corresponding thermogram of the sample without (passive; b) and with (active; c) applied electric control. In aâ€“c, the left column shows the entire sample and the right column shows the enlarged view of the partial sample outlined by the dashed frame. d, Temperature evolutions of air near the CNT film (blue curve) and in the background (orange curve) with time during the measurements. The shaded area corresponds to the temperature range of 21â€“22â€‰Â°C in the experiments. e, The frequency shifts of the peaks corresponding to fâˆ’, f0 and f+ under the variation of the temperature. Lines and dots represent the theoretical and simulated results.


Extended Data Fig. 9 Other types of active topological gallery and robustness against disturbances.
a, Schematic of the WG with a snowflake-shaped domain wall. b, Energy distributions of the CCW WG mode with Ï•Â =Â 2Ï€. c, Introducing phase disturbances. The solid curves in orange, light blue and purple represent the undistorted gain signals, and the dashed curves represent the distorted gain signals. d, Amplification spectrum including phase inhomogeneities with Ï•Â =Â 2Ï€. e, f, Same as c, d, but amplitude disturbances are introduced instead of phase disturbances.


Extended Data Fig. 10 Robustness of the topological WG insulator against the geometric defects.
a, b, Numerical defect analysis comprising one defective unit cell at each corner or side of the structure. At a gain-phase texture of Ï•Â =Â 2Ï€, we simulate the pressure fields of the system including defective units, that is, gainless, displaced or expanded cylinders (a) together with their corresponding spectral amplification factors (b). c, Schematic of the sample where the red and blue highlighted units label the perturbed rods located at the sides and corners, respectively. d, In the experiments, we chose three sets of perturbation displacements Î”dÂ =Â 0.04aâˆ’0.10a with Ï•Â =Â 2Ï€, whose measured amplification factors include both corner (top) and side (bottom)Â defects.





Supplementary information
Video 1
Distributions of the phase emanating the edges. Time evolution for the simulated distributions of the phase emanating the edges at f = 8.80 kHz within the topological band gap. The left panel shows the result when three gain assisted rods emit sound with zero delay (Ï• = 0), while the right one shows the case when the phase increment acquires 2Ï€/3 to assume a full gain cycle of Ï• = 2Ï€.


Video 2
Topological whispering gallery modes splitting. Time evolution for the simulated pressure field distributions of the achiral/chiral topological whispering gallery modes. The middle panel shows the result at f0 with the phase texture Ï• = 0, behaving as the achiral topological whispering gallery mode. The left and right panels represent the cases with the phase texture Ï• = 2Ï€ at f- and f+, respectively, which behave as the CW and CCW chiral modes, respectively.


Video 3
| Chiral topological whispering gallery mode along a snowflake-shaped domain wall. Time evolution for the simulated pressure field distributions along a complicated snowflake-shaped domain wall, where the CCW chiral propagations of sound waves tightly confined along the domain wall can be clearly observed.
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