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            Abstract
Ordinarily, photons do not interact with one another. However, atoms can be used to mediate photonic interactions1,2, raising the prospect of forming synthetic materials3 and quantum information systems4,5,6,7 from photons. One promising approach combines highly excited Rydberg atoms8,9,10,11,12 with the enhanced lightâ€“matter coupling of an optical cavity to convert photons into strongly interacting polaritons13,14,15. However, quantum materials made of optical photons have not yet been realized, because the experimental challenge of coupling a suitable atomic sample with a degenerate cavity has constrained cavity polaritons to a single spatial mode that is resonant with an atomic transition. Here we use Floquet engineering16,17â€”the periodic modulation of a quantum systemâ€”to enable strongly interacting polaritons to access multiple spatial modes of an optical cavity. First, we show that periodically modulating an excited state of rubidium splits its spectral weight to generate new linesâ€”beyond those that are ordinarily characteristic of the atomâ€”separated by multiples of the modulation frequency. Second, we use this capability to simultaneously generate spectral lines that are resonant with two chosen spatial modes of a non-degenerate optical cavity, enabling what we name â€˜Floquet polaritonsâ€™ to exist in both modes. Because both spectral lines correspond to the same Floquet-engineered atomic state, adding a single-frequency field is sufficient to couple both modes to a Rydberg excitation. We demonstrate that the resulting polaritons interact strongly in both cavity modes simultaneously. The production of Floquet polaritons provides a promising new route to the realization of ordered states of strongly correlated photons, including crystals and topological fluids, as well as quantum information technologies such as multimode photon-by-photon switching.
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                    Fig. 1: Redistributing the spectral density of atoms coupled to a cavity.[image: ]


Fig. 2: Forming Floquet polaritons in a customized space.[image: ]


Fig. 3: Strong interactions between Floquet dark polaritons.[image: ]
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Extended Data Fig. 1 Atomic level diagram.
a, Three key electronic transitions of 87Rb atoms enable the formation of Floquet polaritons. First, cavity photons near 780Â nm couple to the 5S1/2Â â†’Â 5P3/2 atomic transition. Second, a beam near 480Â nm drives the 5P3/2Â â†’Â nS1/2 transition to the Rydberg level with principal quantum number n at coupling strength Î©. Third, a multichromatic field near the 5P3/2Â â†’Â 5D5/2 transition modulates the energy of the 5P3/2 state. b, The multichromatic field has two components with approximately opposite detunings Â±Î´: a red-detuned component with constant intensity Ir, and a blue-detuned component with sinusoidally modulated intensity Ib[1Â +Â cos(Ï‰t)], where Ï‰Â =Â 2Ï€f.
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