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Spatial reflections

Temporal reflections

H. Moussa, et al., Nature Physics 19, 863 (2023)
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𝜓 𝑥 + 𝑑 = 𝜓 𝑥 𝑒−𝑗𝑘𝑑 𝑘: Bloch wavevector

Photonic time crystal

𝜓 𝑡 + 𝑇 = 𝜓 𝑡 𝑒𝑗Ω𝑇
Ω: Floquet frequency

Photonic crystal
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R. Fleury, D. L. Sounas, C. Sieck, M. Haberman, A. Alù, Science 343, 516 (2014)
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∆𝜀 𝜑, 𝑡 = ∆𝜀𝑚  cos 𝜔𝑚𝑡 − 𝓁𝑚𝜑  

R. Fleury, et. al., Science 343, 516 (2014)
N. A. Estep, et. al., Nature Phys. 10, 923 (2014)

Ω𝑚 = Τ𝜔𝑚 𝓁𝑚

𝜔𝑖 𝑡 = 𝜔0 + 𝛿𝜔𝑚
cos 𝜔𝑚𝑡 − 𝓁𝑚 𝑖 − 1 Τ2𝜋 𝑁

𝜔2 𝑡

𝜔3 𝑡𝜔1 𝑡

𝜅𝜅

𝜅
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R. Penrose, 
Riv. Nuovo Cim. Num. Spec. 1, 257 (1969)

Negative energy orbits

Ergosphere
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𝜔 𝓀 − 𝓋. 𝓀 < 0 
 

𝐸 𝑟, 𝜑 = 𝑒−𝑗𝜔𝑡𝑒𝑗𝑛𝜑 Τ𝑒−𝑗𝑘𝑟 𝑟

Ω

Negative rotational Doppler shift
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M. Cromb, et al., Nature Physics 16, 1069 (2020)T. Torres et. al., Nature Phys.13, 833 (2017)

Rotational superradiant 
scattering in a water vortex flow

Amplification of acoustic waves 
from a rotating body 
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▪ Excitation with OAM signal

▪ Synthetic rotation based on Angular Momentum Biasing

▪ Monitoring the strength of output OAM signals

𝜔3 𝑡

𝜔1 𝑡

𝜔2 𝑡 𝜔4 𝑡

𝜔5 𝑡
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Eigenbasis of the static system 
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𝜔𝑚 = Τ𝜔0 𝑛
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Input OAM number 𝓁0
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Phase matching between the 

• Modulation and fundamental harmonic 

• Interacting harmonics
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~ 2 cm
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Arbitrary Function 
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Y. B. Zeldovich, ZhETP Pis. Red. 14, 270 (1971)

Also related to the dynamical Casimir effect and quantum friction
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Low-Q scenario
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High-Q scenario

𝓁𝑜𝑢𝑡 = ±1𝓁𝑜𝑢𝑡 = ∓1

𝒻𝑒𝑚𝑖𝑡 = Τ𝒻𝑚 2

𝒻𝑚 = 3 GHz

𝓁𝑚 = ±1

𝒻𝑟𝑒𝑠 = 1.5 GHz
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𝓁𝑜𝑢𝑡 = +2

𝓁𝑜𝑢𝑡 = −1

𝒻𝑒𝑚𝑖𝑡 = Τ𝒻0 = 𝒻𝑚 2 𝒻𝑒𝑚𝑖𝑡 = Τ𝒻0 + 𝒻𝑚 = 3𝒻𝑚 2

𝒻𝑚 = 1.8 GHz   , 𝓁𝑚= +1 , 𝒻𝑟𝑒𝑠 = 10 MHz

𝓁𝑜𝑢𝑡 = +2

𝓁𝑜𝑢𝑡 = −1

𝓁𝑜𝑢𝑡 = +1

𝓁𝑜𝑢𝑡 = −2

𝓁𝑜𝑢𝑡 = +2
𝓁𝑜𝑢𝑡 = +1

𝓁𝑜𝑢𝑡 = −2
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𝒻𝑚 = 1.8 GHz   , 𝓁𝑚= +2 , 𝒻𝑟𝑒𝑠 = 10 MHz

𝓁𝑜𝑢𝑡 = +1

𝓁𝑜𝑢𝑡 = −2

𝓁𝑜𝑢𝑡 = +2

𝓁𝑜𝑢𝑡 = −1
𝓁𝑜𝑢𝑡 = −2

𝓁𝑜𝑢𝑡 = +2
𝓁𝑜𝑢𝑡 = +1

𝓁𝑜𝑢𝑡 = −1

𝒻𝑒𝑚𝑖𝑡 = Τ𝒻0 = 𝒻𝑚 2 𝒻𝑒𝑚𝑖𝑡 = Τ𝒻0 + 𝒻𝑚 = 3𝒻𝑚 2
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𝒻𝑚 = 1.8 GHz   , 𝓁𝑚= −1 , 𝒻𝑟𝑒𝑠 = 10 MHz

𝓁𝑜𝑢𝑡 = +1

𝓁𝑜𝑢𝑡 = +2

𝓁𝑜𝑢𝑡 = −1 𝓁𝑜𝑢𝑡 = −2 𝓁𝑜𝑢𝑡 = −2

𝓁𝑜𝑢𝑡 = +2

𝓁𝑜𝑢𝑡 = +1

𝓁𝑜𝑢𝑡 = −1

𝒻𝑒𝑚𝑖𝑡 = Τ𝒻0 = 𝒻𝑚 2 𝒻𝑒𝑚𝑖𝑡 = Τ𝒻0 + 𝒻𝑚 = 3𝒻𝑚 2
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𝒻𝑚 = 1.8 GHz   , 𝓁𝑚= −2 , 𝒻𝑟𝑒𝑠 = 10 MHz

𝓁𝑜𝑢𝑡 = −2

𝓁𝑜𝑢𝑡 = +2 𝓁𝑜𝑢𝑡 = +1

𝓁𝑜𝑢𝑡 = −1

𝒻𝑒𝑚𝑖𝑡 = Τ𝒻0 + 𝒻𝑚 = 3𝒻𝑚 2

𝓁𝑜𝑢𝑡 = +1𝓁𝑜𝑢𝑡 = +2

𝓁𝑜𝑢𝑡 = −1

𝓁𝑜𝑢𝑡 = −2

𝒻𝑒𝑚𝑖𝑡 = Τ𝒻0 = 𝒻𝑚 2

𝓁𝑜𝑢𝑡 = +1

𝓁𝑜𝑢𝑡 = +2

𝓁𝑜𝑢𝑡 = −1
𝓁𝑜𝑢𝑡 = −2
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𝓁𝑜𝑢𝑡 = +1

𝓁𝑜𝑢𝑡 = +2

𝓁𝑜𝑢𝑡 = −1 𝓁𝑜𝑢𝑡 = −2 𝓁𝑜𝑢𝑡 = −2

𝓁𝑜𝑢𝑡 = +2
𝓁𝑜𝑢𝑡 = +1

𝓁𝑜𝑢𝑡 = −1
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𝓁𝑜𝑢𝑡 = +2

𝓁𝑜𝑢𝑡 = −1
𝓁𝑜𝑢𝑡 = −2
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𝒻𝑚 = 1.8 GHz   , 𝓁𝑚= −1

𝓯𝒓𝒆𝒔= 𝟏𝟎 𝐌𝐇𝐳

𝓯𝒓𝒆𝒔= 𝟗𝟎𝟎 𝐌𝐇𝐳
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𝒻𝑚 = 2𝒻0
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Classical analogue of quantum friction
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𝓁𝑜𝑢𝑡 = +1
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𝓁𝑜𝑢𝑡 = −1

𝓁𝑚 = +1

𝜔1 + 𝜔2 = 𝜔𝑚

Frequency correlation between the generated modes

Quantum Squeezed States: Unequal distribution of uncertainty 

between the two quadrature (i.e., position & momentum).
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Synthetic Penrose super-radiance Angular-momentum (AM) bandgaps

AM-selective spontaneous emission AM-selective squeezing and friction
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